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ABSTRACT
Title: Crack Growth During Brittle Fracture in Compression.
Author: Bartlett W. Paulding, Jr.
Submitted to the Department of Geology and Geophysics
February 9, 1965 in partial fulfillment of the
requirements for the degree of Doctor of Philosophy
at the Massachusetts Institute of Technology.
Photoelastic analysis of several two-crack arrays pre-
dicts that compressive fracture is initiated at cracks
oriented in a particular en schelon manner. Observation of
partially-fractured samples of Westerly granite, obtained
during uniaxial and confined compression tests by stopping
the fracture process, indicate that fracture is initiated
by en echelon arrays of biotite grains and pre-existing,
trans-granular, cracks. Crack growth is predominantly
parallel with the direction of maximum compression and the
partial fractures incorporate both grain boundaries and
trans-granular cracks. The porosity due to crack growth
was determined by compressibility tests. Crack growth was
found to be time dependent. Certain characteristics of the
volumetric strain vs maximum stress difference curves for
several rocks indicate that crack growth is initiated at a
stress difference of about half the compressive strength.
Therefore, neither the Griffith theory nor the McClintock-
Walsh modification can be expected to predict the strength
of common rocks. However, good agreement exists between the
McClintock-Walsh modification and the stress difference at
the onset of crack growth. Because of the volume increase
due to crack growth about 15 per cent of the work required
to fracture a specimen in compression goes into work against
the pressure medium.
Thesis Supervisor: William F. Brace
Associate Professor of GeologyTitle:
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INTRODUCTION
Even though the mechanical properties of rock have
been extensively studied, we are still severely limited in
predicting the behavior of rocks under crustal conditions
or in interpreting the conditions present during the develop-
ment of geologic features such as folds, joints, and faults.
Since one cannot hope to extrapolate experimental data to
geologic dimensions and time intervals, the solution of
these problems requires a general theory of the mechanical
behavior of rocks.
Of the many phenomena which are important during de-
formation, brittle fracture is best understood at present
because of the limited number of microscopic processes which
occur.
Up to now the study of the mechanics of brittle frac-
ture of rocks has been primarily oriented toward determining
the applicability of the Griffith theory (Griffith, 1921,
1924). Griffith postulated that materials contain flaws or
cracks and that large tensile stresses exist on the surface
of certain critically oriented cracks when the material is
stressed. Griffith proposed that fracture occured when the
most severely stressed crack propagated.
McClintock and Walsh (1962) modified Griffith's
anaylsis by considering the fact that the cracks in rocks
close under pressure. Once a crack has closed, frictional
stresses exist along the crack surfaces. These frictional
stresses tend to resist additional deformation of the
crack and, as a result, the maximum stress concentration
near the ends of the cracks is less than for a similar
crack whose walls are not in contact. Therefore, their
analysis predicts higher strengths than Griffith's.
The McClintock-Walsh modification gives the confined
compressive strength in terms of the uniaxial compressive
strength, the coefficient of friction of the crack sur-
faces, and the stress normal to a crack which is required
to close it. They find good agreement with the experi-
mental results of several investigators when the coefficient
of friction is taken to be unity and the cracks are
considered to close at stresses which are negligible when
compared with the strength.
Brace (1960) showed that for a coefficient of friction
of about unity, the McClintock-Walsh modification is nearly
identical with the empirical Coulomb failure law observed
for rocks during compression.
By considering the straight segments of grain
boundaries as Griffith cracks, Brace (1961) found that the
uniaxial compressive strength and maximum grain size for
two crystalline limestones agreed according to Griffith's
analysis of the dependence of fracture strength on crack
length. In addition, Brace (1964) found that the tensile
strength of certain rocks could be predicted to within a
factor of two by substituting measured values of Young's
modulus, surface energy and crack length (i.e., maximum
grain size) into Griffith's equation
Te = (2 .
Further evidence that a mechanism such as suggested
by Griffith is operative was obtained by Brace (1964) from
examination of partially fractured specimens. He found
that grain boundaries became loosened as the stress was
increased prior to failure and the rock appeared to be a
crack-filled material as envisaged by Griffith. Further-
more, Brace found that the fracture often grew from an
en echelon array of cracks.
Brace and Bombolakis (1963) studied the growth of
cracks in a uniaxial compressive stress field. Their
general method consisted of introducing critically-oriented
cracks into homogeneous materials and stressing the sample
until the crack propagated. They found that the point of
maximum tensile stress on the surface of the most critical
crack did not occur at the very end of the crack, as in
tension (Wells and Post, 1958), but in the sector between
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the long axis of the crack and the direction of maximum
compression. Initial growth was normal to the crack
surface at the point of maximum tension. The crack then
continued to propagate along a curved path which approached
the direction of uniaxial compression. Crack growth
stopped after the crack had attained a length of two to
three times the original length. This evidence, of a
critically-stressed crack growing into a stable position,
was the first indication that the process of fracture in
compression might not be as suggested by Griffith.
A second fundamental question of the applicability
of the Griffith theory arose from a photoelastic study by
Bombolakis (1963). He found that the magnitude of the maxi-
mum tensile stress on the surface of an elliptical slit was
strongly dependent on the relative position of neighboring
slits. Griffith's theory is based on Inglis' (1913) solu-
tion of the stress conditions around an isolated, elliptical,
opening. Since Brace and Bombolakis showed that cracks must
be quite close in order to coalesce, the stress conditions
derived by Inglis might not be applicable to the actual case.
Even though evidence was beginning to accumulate which
seriously questioned if the Griffith theory should predict
the compressive strength of rocks, his idea that brittle
fracture is due to the growth of cracks had gained support.
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This investigation was undertaken to obtain a better
understanding of the mechanics of crack growth during
brittle fracture. This involved several experimental
techniques: photoelastic analysis, uniaxial compression
tests, compressibility tests and confined compression
tests.
The purpose of the photoelastic analysis was to
determine the stress conditions of a crack when in the
proximity of another crack. Several two-crack arrays were
studied to investigate the relationship between the geometry
of an array and (1) the magnitude of the maximum tensile
stress on the surface of each crack, and (2) the principal
stress directions.
Uniaxial compression tests on Westerly granite were
next undertaken to see if the growth of cracks corresponded
to the results of the photoelastic analysis. Westerly
granite was chosen as a typical, siliceous, crystalline
rock which was known to be brittle (Brace, 1964). In addi-
tion, experimental technique could be checked by comparing
Young's modulus and compressive strength with earlier
results (Brace, 1964).
It was decided to obtain partially-fractured speci-
mens in order to study the development of cracks leading
to a macroscopic fracture. Since it was felt that a large
amount of crack growth occured during the final stress
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increments, the samples had to be loaded to just below the
fracture strength and yet be recovered, intact. This re-
quired that the press-rock system remain stable even though
the load carrying ability of the sample decreased.
Walsh (1965a) showed that the porosity due to narrow
cracks could be measured by means of a compressibility
test. Compressibility tests were conducted to find the
porosity due to crack growth which occured during the uni-
axial compression tests. In addition, the compressibility
tests proved useful in determining the predominant direction
of crack propagation.
Measurement of the axial and lateral strains allowed
computation of the volumetric strain. The onset of crack
growth was determined by noting certain characteristics of
the plots of volumetric strain vs maximum stress difference.
Certain characteristics of crack growth during the uniaxial
compression tests suggested that the investigation should
be extended to include confined compression tests.
The influence of confining pressure on the maximum
stress difference required to initiate crack growth was com-
pared with the McClintock-Walsh modification of the Griffith
theory. The stress difference at the onset of crack growth
was substituted for their stress difference at fracture.
The Pronounced volume increase which occurred during
the uniaxial compression tests suggested that if crack
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growth in confined compression tests causes a significant
increase in volume then some of the work required to frac-
ture a specimen may go into work against the confining
pressure. In order to determine the importance of the
work against the pressure medium, the total work and pdV
work were compared.
The text is divided into five chapters: PHOTOELASTIC
TESTS, UNIAXIAL COMPRESSION TESTS, COMPRESSIBILITY TESTS,
CONFINED COMPRESSION TESTS, and CONCLUSIONS, in that order.
The first four chapters are divided into Introduction,
Experimental Procedure, Experimental Results, and Discussion
of Experimental Results. The implications of the results
of this study toward the brittle fracture of rocks and
suggestions for further investigation are presented in the
last chapter.
14.
PHOTOELASTIC TESTS
Introduction
For homogeneous materials such as glass it has been
found (Griffith, 1921) that, in tension, the stress re-
quired to initiate crack growth is, in fact, the strength
of the material. This is because a critically orientated
crack grows normal to the direction of applied tension
(Wells and Post, 1958), becomes increasingly more critical
and immediately leads to fracture.
In contrast, Brace and Bombolakis (1963) showed that
a crack does not propagate much further than its original
length when subjected to uniaxial compression. Their re-
sults suggest that fracture in compression requires the
activation of more than one crack and for a fracture to
develop from the coalesence of cracks, the cracks must
initially be within a distance of approximately one crack
length of each other.
Griffith based his theory on a solution of the stress
state around an isolated, elliptical, opening (Inglis, 1913).
Bombolakis (1963) showed that the magnitude of the maximum
tensile stress on the boundary of an elliptical opening was
strongly influenced by the relative position of neighboring
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ellipses. Since cracks must be quite close in order to
coalesce, the stress conditions derived by Inglis for an
isolated crack might not be applicable to the actual case.
It was decided to systematically study the stress
concentration factor of cracks in several different arrays
to determine the relationship between the magnitude of the
maximum tensile stress and the geometry of the array.
Several parameters are necessary for describing the geometry
of an array and it was hoped that some consistent behavior
would become apparent whereby one or more parameters neces-
sary for a critical array would be known.
Experimental Procedure
Photoelasticity was chosen in preference to analytic
methods of solution because of the mathematical diffi-
culties associated with a multiply-connected body. A brief
discussion of the photoelastic phenomena is presented for
a better understanding of the experimental method and results.
A detailed description may be found in Frocht (1941).
In general, a photoelastic model consists of a plate
of isotropic plastic which has been cut to the shape of the
prototype. The model is then loaded and observed in a
polariscope, The isotropic plastic becomes temporarily
doubly-refracting when stressed and the amount of bire-
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fringence is proportional to the magnitude of the shear
stress. Under certain light conditions, the points of equal
shear stress appear dark. Lines composed of these points
are called interference fringes. As the model is loaded
several interference fringes may emanate from a point of
high stress. The fringes are consecutively numbered as
they emerge and this number is called the order, n, of the
interference fringe. The magnitude of the principal stress
difference is given by
07 -- 1= F. C.n3-1 t (Equation 1)
where F.C. = fringe constant of the material and
t = thickness of the model.
The absolute value of the tangential stress at a boundary
may be determined from Equation 1, since the normal stress
is zero.
The photoelastic plastic also appears dark if the
transmission planes of the polarizer and analyzer of the
polariscope are parallel, respectively, with the principal
stress directions. The lines composed of these dark points
are called isoclinics. The complete isoclinic pattern is
obtained by simultaneously rotating the analyzer and polar-
izer by small increments, e.g., 10 degrees, and mapping the
isoclinics at each position.
It is convenient to choose a material of low fringe
constant when mapping interference fringes in order to
avoid the necessity of high loads. On the other hand, it
is convenient to choose a material of high fringe constant
when mapping isoclinics to minimize or eliminate the pres-
ence of interference fringes which tend to obscure the
isoclinics. In this investigation identical models were
cut from Columbia resin (No. 39) and plexiglass, to study,
respectively, interference fringes and isoclinics.
Cracks were represented by slots which consisted of
parallel sides and semicircular ends. Slots were chosen
in preference to ellipses to facilitate preparation.
Bombolakis (1963) showed that the stress around a slot is
nearly the same as the stress around an elliptical hole in
the region of the tensile stress concentration.
Two-slot arrays were used to study the influence of
the relative position of cracks on the magnitude of the
maximum tensile stress of a crack. The parameters necessary
for describing a two-slot array are shown in Figure 1. The
length and width of the slots are a, and b, respectively.
The distance between the centers of curvature of the nearest
ends of the two slots is d. '_ is the inclination from
vertical of the long axis of the slot and [ is the inclina-
tion from vertical of the line joining the centers of
curvature of the nearest ends of the two slots. Negative
values of 0 are measured clockwise.
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18.
Parameters Used in Describing the Geometry
of a Two-Slot Array
Figure 1
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The plate was placed in a loading frame designed to
apply a uniform compressive stress along the horizontal
edges of the model. For a description of the loading frame,
see Bombolakis (1963, Appendix B, p. 8). Each plate was
calibrated by recording the loads at which a fringe emerged
from the two points on the horizontal diameter of a cir-
cular hole. The magnitude of the compressive stress at
such points is three times the applied compressional stress,
(Timoschenko and Goodier, 1951). A straight line was
obtained by plotting load vs fringe order. The slope of
this line is denoted by (f)circle. A slot was then cut
which included the calibration circle and the plate was
again loaded. The load was recorded as the fringes emerged
from the points of maximum tension, The approximate loca-
tion of the maximum tensile stress on the boundary of an
inclined slot in a plate subjected to uniaxial compression
is shown in Figure 2. The tensile stress concentration
factor of the slot, K, was found according to
K = (3Ecircle
n slot (Equation 2)
where (E)slot slope of load vs fringe order for
the slot.
An additional slot was then cut to form the two-slot array
and the K of the array was determined. Several arrays
20.
P
P
Points of Maximum Tensile Stress on an Inclined Slot
in a Plate Subjected to Uniaxial Compression
Figure 2
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were studied from one plate by alternately enlarging the
slots and plotting load vs fringeorder.
The isoclinic pattern was found by tracing the iso-
clinics at each ten-degree interval. The stress trajectories
were found by placing a piece of tracing paper over the
isoclinic pattern and drawing the stress directions as
dictated by the isoclinics.
Experimental Results
The value of K for the isolated slots was determined
photoelastically for comparison with K when the slots are
in an array. The results are presented in Table 1. The
uncertainty of 13 per cent was determined by comparing the
ratio of the stress concentration factors at the points on
the horizontal and vertical diameters of the circular hole.
The value of K was determined for about 50 different
two-slot arrays. In these tests a varied from } to inches,
b from 1 to )g inches and 0 from 10 to -50 degrees. S and
d were held constant at 35 degrees and 1 of an inch,
respectively. The dimensions were chosen to give the maxi-
mum possible number of arrays and yet restrict the overall
size of the array. The value of 35 degrees was chosen as
representative of the most critical orientation for the
range of studied (Appendix I).
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TABLE 1
Stress Concentration Factor of Isolated Slots
4 1.26 1 0.16
5 1.60 1 0.21
6 1.95 1 0.25
7 2.13 2 0.28
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The results of the photoelastic tests of the two-
slot arrays are presented in Table 2. The values of a, b,
and , are presented in the first three columns. The
values of K for the arrays of different 0 are presented in
the first half of each succeeding column. Normalized K,
KN' is found by dividing the K of the array by the K of the
isolated slot. KN was tabulated to provide a convenient
comparison of the effect of neighboring slots on the K of
a slot for different values of 9.
The variation of K with g for different values of a
is shown in Figure 3. In each case b was of an inch. The
maximum value of K consistently occurred at about j= -20
degrees.
The smallest distance between two slots was (d - b).
In order to determine if the relationship between KN and
(d - b) followed the same rule as the decrease in stress
with distance from a crack (Irwin, 1958), the values of KN
were plotted against (d a b )0.5. This is shown for g
equal to -20 and -30 degrees in Figure i4. The behavior of
KN a b)0.5 was approximately linear for all values of
j and the slopes of the straight lines drawn through the
points are presented in Table 3.
One set of the stress trajectories for an isolated
slot of ( = 6 and '. 35 degrees is shown in Figure 5.
The stress trajectories for a two-slot array with 2 = 6,
= -20 degrees and P = 35 degrees are shown in Figure 6.
TABLIE 2
Stress Concentration Factor of Two-Slot Arrays
0 =10 0 = 0 0 = -10 0 = -20 0 = -30 0 = -40 0 = -50
a b a K KN K KN K KN KKN K KN KKN KKN
1 1
2 - 4 1.11 0.88 1.13 0.89 1-39 1.10 1.82 1.44 1.73 1.37 1.67 1.32 1.53 1.21
5 1.37 0.68 1-55 0.97 1.88 1.17 2.06 1.39 1.94 1.21 1-75 1.09 1.53 096
6 1-57 0.80 1-93 0.99 2.14 1.10 2-53 1-30 2.32 1.19 1.77 0-91 1.58 o.81
7 1.90 0.89 1.84 0.86 2.35 1.10 2.84 1-33 2.87 1.35 2.02 0.95 1.82 0.85
- 6 2.28 1.17 2-57 1-32 2.68 1-37 3.09 1.57 2.82 1.45 2.38 1.22 2.06 1.0616 32
- - 7 2.70 1.27 3-20 1-50 2.97 1.40 3.06 1.44 2-53 1.19 2.63 1.23 --- ---32 32
19 6 1.32 1.32 3.00 1.54 3.00 1.54 3.52 1.83. 3.28 1.68 2.79 1.43 2.28 1.17
K 2.0 -___ ___ -----
1.0--
3 .0 
-
K 2.0-
1.0
a=6
b
3 0 --
1.0
-4
K 2.0 - -
1.0
0.5-
10 ( -10 -20 -10 -40 -
0, degrees
Stress Concentration Factor,K, vs 0
Dashed Line is K for Isolated Slot
Vertical Bars Indicate Maximum Error
Figure 3
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2.0
KN 1.0
0
2.0
1.0
0= -200
Ox -300
1.0 1.5
(v).5
Normalized K vs (a .5
Figure 4
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K N
2.0
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TABLE 3
Slope of
1
KN vs ad b)
Slope
100 0.55
0 0.68
- 1 0 0 0.50
-200 0.57
-300 0.52
-40 0 0.55
-50*0 0.44
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Stress Trajectories
r-6, 11-350
Figure 5
29.
Stress Trajectories
gw6, 06-2 04, Ye354
Figure 6
30.
Discussion of Experimental Results
The increase in relief, with increasing a , of the
plots presented in Figure 3 and the consistent maximum at
= -20 degrees suggests that the most critical array of
actual cracks of high b may be an en echelon arrangement
with 0 equal to about -20 degrees. Simple superposition
of the stress states around a rectangular opening of = 5
and = 30 degrees (Savin, 1961) indicates that the most
critical orientation is somewhere between 9 = -20 degrees
and -30 degrees, but this is probably coincidental since
the stress conditions around a two-slot array are not, in
general, the sum of the individual stress states.
The decrease in K when 0 is positive agrees with the
results of Bombolakis (1963). This behavior, i.e., a de-
crease in K when overlap occurs, suggests that a partial
fracture, which is composed of a few connected cracks,
tends to decrease K of cracks which it overlaps and there-
fore decreases their chance of propagating.
The plots of KN v (d b)0.5 do not follow the
relationship found by Irwin (1958) for the decrease in
stress with distance from the end of a crack. This is not
surprising since Irwin stated that the relationship was
true only if the distance were small compared to the radius
of curvature of the crack tip. However, the plots of KN
vs ( d )0.5 are approximately linear, especially for
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= 6 and 7, and the slope of the straight lines for the
different 0 values are more or less consistent (Table 3).
It is expected that the slope will decrease for decreasing
d - b) since the value of KN must equal unity when the
cracks are isolated.
For b- = 0.27, the value of K for the most criticald
arrays, i.e., (= -20 degrees, was abput 35 per cent greater
than for an isolated slot. This increase was apparently in-
dependent of the a ratio. This suggests that actual cracks
in such arrays would propagate when the applied stress is
about 75 per cent of that required to cause growth of an
isolated crack.
Comparison of the stress trajectories, shown in Figures
5 and 6, indicates that the directions of the principal
stresses in the vicinity of a slot in an array were only
slightly different than when the slot was isolated. This
may be a reason why Bombolakis (1963) found that the direc-
tion of crack growth was not influenced by the proximity of
other cracks.
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UNIAXIAL COMPRESSION TESTS
Introduction
It was decided that partially-fractured samples should
be obtained to study the growth of cracks leading to frac-
ture. A considerable amount of crack growth occurs during
the final stress increments and it is very important that
the press-rock system remain stable so that intact speci-
mens may be obtained. This stability was achieved by
incorporating a stiffening element into a conventional
hydraulic press. The stiffening element, which was a
simply-supported beam, was placed in parallel with the rock
specimen as shown in Figure 7. The beam was designed to
carry most of the applied load and to limit the advance of
the ram during fracture, (Appendix 2). There is a limit
to how closely one may approach fracture. Any system of
finite stiffness would become unstable when the slope of
the decreasing portion of the load vs deflection curve for
the sample is greater than the load vs deflection curve of
the entire system, (Appendix 3).
The samples used in this study were simplified modifi-
cations of those used earlier, (Brace, 1964). and consisted
of cylinders with a reduced central section (Appendix 4).
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Sample in Parallel with Stiffening Element
Figure 7
-34.
Shaped samples were chosen in preference to the common
straight cylinders to avoid the barrelling and fractures
induced by the elastic mismatch at the ends of the specimen
(Seldenrath and Gramberg, 1958, Salmassy, et al., 1955).
Experimental Procedure
Two strain gages were placed on each sample, one
parallel with, the other normal to, the direction of applied
compression. In the initial uniaxial compression tests, the
heads of the sample failed along a vertical fracture which
passed through the fillets. In the subsequent tests, steel
rings, as shown in Figure 7, were positioned around the
heads of the sample to prevent the premature failure. The
sample was placed on a load cell and the stiffening element
was positioned between the hydraulic ram and the specimen,
The load cell consisted of a short cylinder of hardened
steel to which four strain gages had been attached. It was
calibrated to give the load on the sample in terms of the
resistance changes of the strain gages, (Appendix 5). The
stiffening element is only of value during the later stages
of the fracture process. Therefore, in order to minimize
the total force exerted by the ram, the sample was ground
to a final length such that the steel beam did not come in
contact with the steel supports until the rock had been
stressed to about 75 per cent of its fracture strength.
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The leads from the load cell and the two strain gages
mounted on the specimen were connected to a three-channel
recording system which gave a graphic trace of strain vs
load, (Appendix 6). A convenient scale of the graphical
tracing was obtained by calibration of the recorder prior
to each test.
The stress was applied by manually pumping the
hydraulic ram, Since it was felt that the growth of cracks
might be time-dependent, the stress application during most
tests was interrupted at various stress levels for periods
of about five minutes.
The stress was decreased when excessive lateral
strain and pronounced surface cracks indicated that fracture
was impending. A plastic tube, slightly shorter than the
steel supports, was positioned around the sample to protect
the observer in the event of an explosive fracture.
Experimental Results
The experimental results of the uniaxial compression
tests are grouped according to the manner in which the test
was performed and the resulting deformational characteristics
of the sample. The three groups, in order of presentation,
consist of the results of (1), discontinuous tests, i.e.
the stress was held nearly constant at various stress levels
36.
for a few minutes; (2), cyclic tests, where each cycle went
to a higher stress; and (3), tests which indicate the effect
of strain rate.
Discontinuous Tests
In these tests the sample was continuously stressed
to somewhat greater than one-half the fracture strength
before the stress was held essentially constant for five-
minute periods. The stress was then further increased by
an arbitrary amount and again held nearly constant. This
process was continued for some samples to just below the
fracture strength. The load was then decreased discon-
tinuously, the waiting periods occurring at the same stress
levels as during the stress build-up.
A typical example of the stress-strain curves obtained
from samples tested in this manner is shown in Figure 8.
Both the lateral and axial strain are plotted as a function
of stress.
The deformation which occurred during the five-minute
waiting periods is represented by the rather large lateral
strains at nearly constant stress and the relatively small
axial strain. As the fracture strength was approached, the
lateral strain increased .rapidly with stress whereas the
axial strain retained a relatively near-linear relationship
Stress vs StraiO
Uniaxial Compression
Saimple W-11
2500 301
Strain, x 106
Stress, kb
500 1000 1500
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with stress. On the return curve, i.e., decreasing stress,
there was essentially no detectable time-dependent deforma-
tion. After the stress had been completely removed, there
was a substantial permanent lateral strain (about 0.1 per
cent or of the order of one-third the maximum lateral
strain), but little or no permanent axial strain.
The volumetric strain, AV , was calculated from the
axial and lateral strains. In this study, the lateral
strain gages extended nearly halfway around the circum-
ference of the sample. This is necessary for determining
the volumetric strain of an anisotropic material, (Appendix 7).
The plot of volumetric strain vs uniaxial compressive stress
corresponding to the stress-strain diagram of Figure 8 is
presented in Figure 9.
In general, the volume decreased rather rapidly during
the initial stress build-up and then decreased at a rather
constant rate with stress up to about 5o per cent of the
fracture strength. From this point, to about 75 per cent
of the fracture strength, the rate of volume decrease de-
creased with increasing stress. At about 75 per cent of the
fracture strength, the volume was a minimum. It then
increased with further increase in the applied stress. At
just below the fracture strength the volumetric strain
passed through zero and became positive. The greater part
of this increase in volume was retained when the stress was
Stress, kb
Figure 9
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TABLE 4
Results of Discontinuous Uniaxial Compression Tests
Slope of
Linear Stress at
maximum Portion of Permanent Departure
Maximum Young's Av_ C~ . lmetric From
Stress Modulus rn Linearity
Sample (kb) (mb) (mb ) (x 10-6) (kb)
W-8 1.52 0.58o 0.64 225 0.90
W-9 1.07 0.562 0.79 50 0.95
W-11 2.28 o.582 0.60 1800 1.10
W-12 2.28 0.568 0.76 1600 1.15
W-14 2.18 0.576 0.71 1800 0.92
(0.574 t (0.70 + (1.00 t
0.012) 0.10) 0.15)
completely removed. At stresses greater than that at which
the plot of A vs G_ departs from the linear portion,
,V - 3
there was a pronounced increase in volume during the five-
minute waiting periods.
The results of the discontinuous uniaxial compression
tests are presented in Table 4. The maximum error,
(Appendix 8), of the maximum stress and maximum Young's
modulus are about 2 and 4 per cent, respectively. The maxi-
mum error of the slope of the linear portion of vs IfV - 3
and the permanent volumetric strain are about t and 6 per
cent, respectively. The maximum error of the stress at the
departure of the 7V vs Cr- curve from linearity is approxi-3
mately 10 per cent.
Cyclic Tests
In these tests the sample was discontinuously stressed
to a certain magnitude and then unloaded. It was then again
stressed in similar manner but to a greater stress. This
cyclic procedure was repeated until the sample had been
stressed to about 90 per cent of the fracture strength.
Figure 10 are the stress-strain curves obtained from these
cyclic tests. Both the axial and lateral strain were recorded
as a function of stress.
The volumetric strain was computed from the axial and
lateral strains. The plots of AV vs T are presented in
r 13
Figure 11.
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All the plots of vs G_ show a rather rapid
V - 3
decrease in volume during the initial stress build-up.
After this rapid decrease, the variation of vs T~ wasT - 3
essentially linear up to the maximum stress of the previous
cycle. For example, the A vs plot for the cycle toV -
1.38 kb remains linear up to approximately 1.03 kb, the
maximum stress to which the sample was previously cycled.
The slope of the linear portion of the curves decreased
markedly for the last two cycles.
During the stress release, the plots of - vs GV - 3
were linear during a substantial amount of the unloading
portion of the curve. The last three cycles showed a pro-
nounced permanent volumetric strain after the load was
completely released.
The results of the cyclic uniaxial tests are presented
in Table 5. The maximum errors, (Appendix 8), are the same
as reported for the discontinuous uniaxial compression tests.
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TABLE 5
Results of Discontinuous Cyclic Uniaxial Compression Tests
Sample W-17
Slope of
Linear Stress at
Maximum Portion of Permanent Departure
Maximum Young's vs r3 Volumetric From
Stress Modulus v - 3 Strain Linearity
Cycle (kb) (mb) (mb~) (x 10-6) (kb)
1 0.69 0.558 --- 50
2 1.03 0.572 0.74 100 ---
3 1.38 0.565 0.74 160 1.0
4 1.72 0.593 0.47 350 1.3
5 2.11 0.558 0.30 1200 1.6
(0.572 t
0.021)
2000
1500
1000
500
-500
-1000
-1500
2.00 0.5 1.0 1.5
Stress, kb
4.6.
Tests Indicating Effect of Strain Rate
The stress vs strain and volumetric strain vs stress
curves for the samples stressed discontinuously have been
presented (Figures 10 and 11, respectively). For these
tests, the average axial strain-rate was about 10~ min~1 .
The vs 6'3 curves for a sample which was cyclically
stressed at an axial strain rate of about 10-3 min~ to
ever-increasing values of the maximum stress are presented
in Figure 12.
Compared with the pronounced hysterisis of the vs
T' curves for the discontinuous tests, the sample stressed
at the faster strain rate experienced relatively little non-
elastic deformation.
The results of the cyclic tests conducted at an axial
strain rate of about 10-3 min~1 are presented in Table 6.
The maximum errors, (Appendix 8), are the same as reported
for the discontinuous uniaxial compression tests.
1000 -
500 -
Volumetric Strain vs Strlss&V6
--x106
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TABLE 6
Results of Continuous Cyclic Uniaxial Comprssion Tests
Sample W-16
Slope of
Linear Stress at
Maximum Portion of Permanent Departure
Maximum Young's Vvs ' rVolumetric From
Stress Modulus Linearity
Cycle (kb) (mb) (mb~ (x 10-6) (kb)
1 0.54 --- --- 0
2 0.81 0.585 --- 0 ---
3 1.09 0.570 0.72 50 ---
4 1.37 0.582 0.74 60 1.05
5 1.66 0.582 0.71 85 1.25
6 1.94 0.583 0.65 190 1.70
(0 577 
+
0.008)
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Discussion of Experimental Results
The results of the uniaxial compression tests have
provided insight into the stress at the onset of crack
growth, the direction of propagation, and the effect of new
cracks on the subsequent deformational behavior of the
sample.
The discussion of the experimental results is divided
into two parts. The first contains detailed interpretations
of the stress vs strain and volumetric strain vs stress
curves in terms of the mechanics of crack growth. This first
section follows the same order of presentation as in the
preceding section. The second part is a description of the
thin and polished sections of the fractured specimens.
Discontinuous Tests
The stress-strain diagram , Figure 8, is characteristic
of this type of test. The stress vs axial strain curves show
a generally linear behavior, little or no permanent strain,
and a moderate hysteresis loop. The stress vs lateral strain
curves, on the other hand, show that the strain increased
markedly with stress, especially near the fracture strength,
and that there was a large hysteresis loop and permanent
strain.
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The characteristics of the volumetric strain vs
stress diagram, shown in Figure 9, are felt to be signifi-
cant and are interpreted as follows: Up to about 0.55 kb
the volume decreased rather rapidly. This was due to the
closing of cracks oriented so as to close under the applied
stress. Similar effects due to the closing of cracks have
been reported by various investigators: Brace (1965) ex-
plained the initially low value of Young's modulus and
high compressibility, characteristic of certain rock types,
as due to the closing of cracks under low values of the
applied stress, and Birch (1961) accounted for the rapid
increase in the velocity of sound with applied pressure as
due to a decrease in porosity.
Above approximately 0.55 kb the variation of the
volumetric strain with stress was essentially linear up to
a stress of about 1.10 kb. Walsh (1965b) has studied the
case of an isotropic crack-filled solid. When such a
material is stressed uniaxially, one does not obtain the
intrinsic values of Young's modulus and Poisson's ratio
because of the frictional sliding of opposing crack faces.
However, according to Walsh's analysis, the volumetric strain
experienced by the sample during a uniaxial stress increase
is one-third that experienced by the intrinsic material
during a bulk compressibility test when the confining pres-
sure was increased by the same amount. The intrinsic bulk
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compressibility of Westerly granite is about 2 mb~ (Brace,
1965).,Therefore, the slope of the linear portion of the
vs plot should have a slope equal to 0.66 mb~ .
The average of the slopes for 5 tests was 0.70 + 0.10 mb- 1,
(Table 4).
The onset of crack growth occurred at the point
where AV vs 0 departed from the linear portion of the
curve. For the Westerly granite, the average value of the
axial stress at the onset of crack growth was 1.00 t 0.15 kb
or roughly 50 per cent of the fracture strength. This fact
has important implications with regard to the Griffith
theory of fracture. The Griffith theory or its present
modification (McClintock and Walsh, 1962) cannot be expected
to predict the compressive strength of materials if crack
growth occurs in such materials at stresses less than the
fracture strength.
As the stress was increased, the departure of the
Vvs0"' curve from the tangent to the linear portion in-
creased. Thus, crack growth continued as the stress was
raised. The fact that the growth of cracks was time-depen-
dent.was established by noting the increase in volume during
the five-minute intervals of essentially constant stress.
In room temperature tests on silicate materials, such as
Westerly granite, this increase in volume could only be
accounted for by the growth of cracks (Christie et al., 1964).
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As the fracture strength was approached, the volume
increased rapidly with increasing stress. This volume
increase represents the increase in the amount of crack
growth which occurred prior to fracture.
There was a significant permanent increase in volume
of the sample after the load had been completely removed.
This was a result of the extensive crack growth which
occurred during the deformation of the sample. Referring
to the stress-strain diagrams, one notes that the permanent
change in volume was almost entirely accounted for by a
permanent increase in the cross-sectional area of the speci-
men, i.e., there was little or no permanent axial strain.
This suggests that the predominant direction of crack growth
was vertical, i.e., parallel to the direction of the applied
stress. The fact that crack growth was vertical was esta-
blished by performing a compressiblity test on the sample
before and after the uniaxial test. It was found (Chapter
III) that the linear compressibility in the axial direction
was essentially unchanged but the lateral compressibility
was much greater subsequent to the uniaxial test.
Cyclic Tests
The cyclic uniaxial test, with each cycle proceeding
to a higher stress level than the preceding test, provided
insight into the effect of crack growth on the deformational
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behavior of the material. The stress vs strain diagrams,
and the volumetric strain vs stress diagrams, are presented
in Figures 10 and 11, respectively.
The maximum value of Young's modulus was computed
from the slope of the stress vs axial strain diagrams.
The maximum values of Young's modulus for each cycle are
presented in Table 5. It is interesting to note that
Young's modulus was nearly the same for each cycle even
though extensive crack growth had occurred as shown by the
plots of A vs .
Unlike Young's modulus, certain characterisitics of
the plots of volumetric strain vs stress changed with each
cycle. As anticipated, from the results of the discon-
tinuous tests, the plots of Vvs 3 for the cycles up toV - 3
0.69 and 1.03 kb indicated no crack growth. The A 4vs3V - 3
plot for the cycle up to 1.38 kb departed from the linear
portion at approximately 1.0 kb, indicating the onset of
crack growth. The plot of A _vs T for the next cycle,N 3
however, departed from the linear portion at the maximum
stress to which the sample had been previously stressed,
i.e., about 1.3 kb. Similarly, the curve for cycle to 2.11
kb departed from the linear portion at about 1.6 kb.
These results indicate that new crack growth did not
occur until the previous maximum stress had been exceeded.
Therefore, the average axial strain rate of about 10~4 min 1
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was slow enough to permit almost complete crack growth to
occur at each stress level.
When the sample was stressed to a value less than
required to initiate crack growth, the slope of the linear
portion of the A vs 07 curve is approximately equal toV - 3
one-third the intrinsic bulk compressibility, (Table 5).
However, once crack growth had occurred, the slope of the
linear portion decreased with each cycle. This means that
the lateral strains at each stress level (above approxi-
mately 0.55 kb) were greater than in the previous cycle.
The compressibility tests (Chapter III), performed
between each of these uniaxial cycles, show that the new
crack growth was essentially vertical, i.e., parallel to
the direction of uniaxial compression, and that crack
growth was more extensive at the conclusion of each sub-
sequent cycle.
Thus, the evidence indicates that during the tests
to 1.38 kb and above, the sample contained newly-formed
vertical cracks which open during the stress build-up and
that new crack growth did not occur until the maximum
stress of the preceding tests had been exceeded.
The actual configuration of these vertical cracks is
not absolutely clear. It is important in choosing a model
for theoretical studies to know if the vertical cracks are
isolated or if they have grown out of inclined cracks as
suggested by Brace and Bombolakis (1963). Observation of
the thin and polished sections (presented later in this
section) does not provide conclusive evidence. However, the
plots of A vs suggest that some vertical cracks haveVsc
grown out of inclined cracks. The evidence for this con-
clusion can be better appreciated after considering the
deformation of these two types of cracks when subjected to
a uniaxial compressive stress.
Consider first the case of an isolated crack which is
parallel to the direction of the uniaxial compressive stress.
For purposes of discussion, such a crack may be approximated
as a narrow ellipse as shown in Figure 13.
Inglis (1913) has shown that the maximum lateral dis-
placement, EL ' of a crack so oriented is related to the
crack dimensions, Young's modulusand the applied stress
according to
L = A .a
where A is a constant of proportionality of about
unity.
The deformation of such a crack is completely reversible.
If the difference between the actual and intrinsic volu-
metric strain during the linear portions of the A vs
curves is a result of the opening of such cracks, then one
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Elliptical Crack in Uniaxial Compressive Stress Field
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would expect a smooth curve as the stress was released. In
addition, the slope of the linear portion during increasing
stress of each cycle should agree with the slope of the
descending curve of the preceding cycle.
The second case, of vertical cracks which have grown
out of inclined cracks, is more complex and no analytic solu-
tion exists which provides the deformation of such a crack
when subjected to stress. When the applied stress is very
small the inclined portion of such a crack would be open,
(Figure lha). As the stress is increased, the inclined por-
tion of the crack closes until the crack surfaces are in
frictional contact (Figure 14b). As the stress is further
increased, frictional sliding may occur so that the vertical
portions of the crack open, (Figure 14c). If the inclined
portion is at an.angle such that frictional sliding is im-
possible, the vertical portions of the crack might behave
as isolated vertical cracks. The frictional stresses along
the surfaces of the inclined crack change direction when the
stress is released. As a result, the deformation of these
cracks is not reversible simply by unloading and the vertical
portions remain open at stresses less than that required to
open them during the stress increase. Eventually the stress
reaches a point at which the inclined portions of the crack
open and the vertical segments are essentially as they were
prior to the test. The permanent volumetric strain would be
a result of the growth of new cracks and the incomplete closing
of vertical cracks which had formed during an earlier cycle.
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Schematic Behavior of an Inclined Crack with Vertical Extensions
Subjected to Uniaxial Compression
Figure 14
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The plots of 6 vs (Figure 11) do not show theV- F3 (Fgri)
features which would be expected if the material contained
only isolated vertical cracks. The slope of linear portions
during increasing stress was generally greater than the
slope of the descending curve of the preceding cycle and
the curves during decreasing stress were not continuous,
especially for the last two cycles. The frictional sliding
associated with the inclined portion of the second type of
crack would account for these characteristics.
Tests Indicating the Effect of Strain Rate
In general, the plots of vs for the samples
stressed at an axial strain-rate of about 10~4 min 1 show
a hysteresis loop and permanent volumetric strain (Figures
9 and 11). These characteristics are much less pronounced
during the tests at an axial strain rate of approximately
103 min-' (Figure: 13).
Direct comparison can be made between the results of
the two samples which were cyclically stressed to ever-
increasing values of the maximum stress. The results of the
samples stressed at average axial strain-rates of 10~4 min-1
are presented in Tables 4 and 5, respectively. The effect
of axial strain-rate on the extent of crack growth is in-
dicated by the difference in slopes of the linear portions
of the A vs G. curves and the permanent volumetric strain.
-V - 3
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The slope of the linear portion of the A vs T
V - 3
curves for the faster tests remained essentially constant.
In contrast, the slope of the linear portions for the slower
tests decreased markedly, especially after the third cycle.
This decrease in slope is attributed to the opening of
vertical cracks, either isolated or associated with in-
clined cracks, and indicates that crack growth was more
extensive during the slower tests.
The maximum stress of the cycles at the different
strain rates did not correspond exactly. However, it is
apparent that a considerably greater amount of permanent
volumetric strain occurred during the tests conducted at
an average axial strain rate of 10~4 min 1 . This is
additional evidence that crack growth was more extensive
during the slower tests.
Description of Fractured Samples
After the uniaxial compression tests, the samples
were cast into a mold (Stycast 1916) and sawed in half
normal to the fracture surface so that both a thin sec-
tion and a polished section could be obtained from each
sample. In the partially fractured samples the orientation
of the potential fracture surface was indicated by the sur-
face cracks.
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There was pronounced crack growth along the edge of
the thin sections which corresponded to the region of the
surface cracks observed during the test. However, it was
impossible to distinguish between the crack growth which
occurred during the test and that due to preparation of
the thin section. There was no discernable crack growth
in the central region of the partially fractured specimens.
The details of crack growth and partial fractures
were best shown by the thin and polished sections of sample
W-4. Even though the sample completely fractured, the
polished end pieces clearly revealed the development of
partial fractures, as shown in Figure 15. The zig-zag white
lines are the partial fractures filled with polishing
abrasive. The darkening of the sample in the region of the
fracture is probably due to intrusion of the casting material.
An enlarged view of the fracture region is shown in Figures
16 and 17.
Figure 16 is particularly interesting since it shows
the development of two partial fractures approximately
parallel with the fracture surface. In addition, the par-
tial fractures and the fracture surface are roughly equally-
spaced, reminiscent of parallel, equi-distant faults. The
partial fractures are composed of inclined and near-vertical
segments. The most common inclination, from vertical, of
the inclined segments is about 40 degrees. On the whole,
the inclined segments are en echelon.
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Photographs of the thin section made from the other
half of the end piece shown in Figure 16 are presented in
Figure 18. They were obtained along a traverse of the two
partial fractures. The direction of 0- is vertical. Exact3
correlation between the thin and polished sections cannot
be expected because of the intervening material removed
during sawing and polishing. Even so, agreement is good
and indicates that the shape of the partial fractures did
1not change appreciably over a distance of about 67of an
inch. This distance is equal to about three times the
average grain diameter.
It can be seen that the partial fractures follow a
rather tortuous path through and around the individual
grains. The inclined segments are sometimes along grain
boundaries as shown by the manner in which the partial frac-
ture on the left passes around the grain in the upper third
of Figure 18. The linear nature of the inclined trans-
granular cracks suggests that they existed prior to the uni-
axial test since we have no reason to assume that, in
compression, a crack will grow in a direction other than
nearly parallel with T. This is shown, for example, by
the manner in which the partial fracture on the right, hand
side passes through a grain in the lower third of Figure 18.
Photographs of a partial fracture in sample W-16 are shown
in Figure 19. The direction of gd is vertical. Here, par-
3
ticularly, the inclined segments are trans-granular and linear.
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One is restricted in drawing conclusions on the
development of a fracture without knowledge of the third
demension. However, the agreement between the thin and
polished sections, with regard to the shape of the partial
fractures, suggests that the views shown in Figure 18 are,
in general, representative, at least for a distance of a
few grain diameters.
For additional descriptions of fractured specimens
the reader is referred to the Discussion of Experimental
Results, Chapter IV. The interpretation of the features
observed in the fractured material is presented in Chapter
V, CONCLUSIONS.
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Figure 15
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COMPRESSIBILITY TESTS
Introduction
Walsh (1965a) made a theoretical study of the effect
of cracks on the compressibility of rocks. He considered
rock to be an elastic isotropic material containing randomly-
oriented narrow cracks. With this model he derived an
expression for the effective compressibility in terms of
the compressibility of the solid material and the rate of
change of porosity with external pressure. His analysis
led to the result that the porosity of a rock containing
narrow cracks could be determined from the compressibility
curve by extending the linear portion of the curve back to
zero pressure and noting the intercept on the volumetric
strain axis, (Appendix 9). The linear portion of the com-
pressibility curve represents the compressibility of the
solid material.
Brace (1965) measured the linear compressibility of
several rocks up to 10 kb. For the Westerly granite he
found that the initial compressibility was greatest normal
to the direction of the longest grain boundaries. Con-
sidering grain boundaries as narrow cracks, Brace found that
the relative initial linear compressibility was related to
the average grain boundary length according to Walsh's analysis.
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Observation of the thin sections used by Brace in
determining the grain boundary pattern revealed the exis-
tance of numerous trans-granular cracks. The thin sections
were mapped and it was found that the cracks had a preferred
orientation, (Appendix 10). The preferred orientation
could qualitatively account for the directional charac-
teristics of the initial linear compressibility determined
by Brace. In particular, the most compressible direction
was most nearly normal to the preferred direction of cracks.
The results of Walsh and Brace suggested that the com-
pressibility test would be a useful technique in determining
two characteristics of crack growth which occur during the
uniaxial compression tests. The direction of crack growth
could be established by comparing the linear compressibilities
before and after a uniaxial test. The compressibility should
be greater normal to the direction of crack growth than it
was prior to the uniaxial test. In addition, support for
the idea that the permanent volumetric strain associated
with uniaxial compression tests is caused by new crack growth
could be established by measuring the increase in porosity
due to cracks. The increase in porosity should agreg, with
the permanent volumetric strain if the pressure is increased
sufficiently to close all the new cracks.
It was decided to subject the sample to several uni-
axial compressive tests with each test carried to a higher
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stress. The presence of new cracks could then be determined
by comparing the compressibility of the undeformed rock with
the compressibilities obtained after each uniaxial test.
Experimental Procedure
The samples were circular cylinders with a reduced
central section and of the same dimensions as used during
the uniaxial compression tests (Appendix 4). Axial and
lateral strain gages were attached directly to the specimen
and the entire sample was jacketed with silicone rubber
(Appendix 11). The sample was placed in the triaxial cham-
ber shown in Figure 20 which was filled with kerosene or
machine oil.
The linear compressibility of the virgin sample was
measured to 1 kb. The silicone rubber was then removed from
the heads of the specimen and the sample was subjected to
a uniaxial compressive stress of 0.69 kb. The heads were
rejacketed and the second compressibility test was run.
This process was repeated five times. The maximum uniaxial
stress of each subsequent cycle was increased by approxi-
mately 0.35 kb. The maximum pressure of the compressibility
tests was 1 kb. This value was chosen to avoid the diffi-
culties associated with higher pressures and because Brace
(1965) found that most of the porosity due to narrow cracks
was eliminated at 1 kb.
To hand pump
Intensifier-separator
Piston
Sleeve
Side closure
containing electrical leads
and pressure transducer
Pressure vessel
O-ring
Triaxial Chamber
(Taken from Brace, 1964)
Figure 20
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Experimental Results
The virgin compressibility curve to 1 kb for sample
W-17 is shown in Figure 21. The minimum linear compressi-
bilities are 0.81 mb 1 and 0.96 mb 1 in the axial and
lateral direction, respectively. This corresponds to a
bulk compressibility of 2.7 mb 1 . The compressibility of
the solid material is about 2.0 mb~ , (Brace, 1964), which
corresponds to a linear compressibility of 2 mb 1 or
0.67 mb~. The lineap strain due to crack closure at 1 kb
is found by subtracting 670 x 10-6 from the total linear
strain. Prior to the uniaxial compression tests the linear
strains due to crack closure at 1 kb were 400 x 10-6 and
590 x 10-6 in the axial and lateral directions, respectively.
These values correspond to a volumetric strain of
400 x 10-6 + 2(590 x 10-6) = 1580 x 10-6
Therefore, for the virgin material, the decrease in porosity
at 1 kb is about 0.00158.
The stress vs strain and volumetric strain vs stress
curves of the uniaxial tests on sample W-17 are shown in
Chapter II, Figures 10 and 11, respectively. The compressi-
bility curves obtained after the uniaxial test to 2.11 kb
is presented in Figure 21 for comparison with the original
compressibilities. The results of the compressibility
tests are presented in Table 7. The uniaxial stress to
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which the sample had been subjected prior to the compressi-
bility test is given in the first column. The linear strains
due to the closing of cracks are presented in the second and
third columns. The maximum error (Appendix 7) of the linear
strains is about 2 per cent. The porosity due to cracks
which close at 1 kb, nc" is presented in the fourth column.
The maximum error of nc is about 6 per cent. The difference
between the porosity of the deformed samples and the virgin
sample is presented in the fifth column. The sensitivity
is about 50 x 10-6. The cumulatative volumetric strain,
() . of the sample prior to the compressibility test is
presented in the next column. This is found by summing the
permanent volumetric strains of the uniaxial compression
tests and subtracting the permanent volumetric strains which
occurred during the preceding compressibility tests. The
sensitivity is about 50 x 10-6. The minimum values of the
linear compressibilities in the axial and lateral directions
are given in the last two columns, respectively. These
values were found by measuring the slope of the linear com-
pressibility curves near lkbo The maximum error is about
4 per cent.
0.5-
Linear Comp, ssibility
Sample W-17
0-
-250 -500 -750 -1000 -1250 -1500 -1750 -2000
Strain x 106
Subscript 0 denotes original compressibility
Primes denote compressibility after uniaxial test to 2.11 kb
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TABLE 7
Results of Compressibility Tests
Sample W-17
Maximum Linear Strain
Uniaxial Due 'to
Stress Crack Clgsure
(kb) (x 10-)
Axial Lateral
Porosity
(x 10-6)
no nc-1580C
Cumulatative Minimum
Permanent Linear
Volumetric
Strain
(x 10-6)
Compressi-
bility
(mb-1 )
Axial Lateral
Q 400 590
0.69 400 580
1.03 420 600
1.38 430 640
1.72 430 810
1580
1560
1620
1710
2050
-20
40
130
470
110
230
420
2770 1190 1350
0.82 0.96
0.82 0.96
0.81 0.93
0.81 0.95
0-81 0.94
0.82 0.952.11 450 1160
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Discussion of Experimental Results
The continual increase in porosity of the samples
uniaxially stressed to more than 1 kb suggests that addi-
tional crack growth occurred during each uniaxial test,
especially during the cycles to 1.38, 1.72, and 2.11 kb.
This evidence supports the idea presented in Chapter II
that crack growth occurs at stresses less than the frac-
ture strength.
The marked increase in the lateral strain, with
little or no increase in the axial strain, due to crack
closure at 1 kb, indicates that the direction of crack
growth was parallel to the direction of uniaxial compression.
The agreement, within experimental accuracy, of the
increase in porosity and cumulative volumetric strain in-
dicates that the porosity due to crack growth which occurred
during the uniaxial compression tests is removed by the
application of a hydrostatic pressure of 1 kb. Additional
support that the new cracks closed at 1 kb is given by the
nearly constant values of the minimum compressibility. The
compressibility of the deformed samples should be greater
than of the virgin sample if the cracks remained open.
77.
CONFINED COMPRESSION TESTS
Introduction
The Onset of Crack Growth and the McClintock-Walsh Modification
Brace and Bombolakis (1963) found that critically
oriented cracks grow into a stable position in a uniaxial
compressive stress field. They concluded that the Griffith
theory could not predict the strength of rocks unless the
stress at which crack growth is initiated is nearly the
same as the fracture strength.
The results of the uniaxial compressive tests on
Westerly granite in this study (Chapter II) show that crack
growth occurs at stresses far less than the compressive
strength. Volumetric strain vs axial stress calculations
for Frederick diabase and Cheshire quartzite (unpublished
data of-Brace, 1963), marble and soapstone (Bridgman, 1949)
and basalt and monzonite (Matsushima, 1961) indicate similar
behavior. Therefore, for these rock types at least, one
would not expect the Griffith theory or its present modifi-
cation to predict the fracture strength.
However, one.might expect the McClintock-Walsh modi-
fication to predict the stress difference required to
initiate crack growth. The extension of the McClintock-
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Walsh modification to predict the stress difference re-
quired to initiate crack growth is presented in Appendix 12.
The predicted stress difference depends on the value of the
coefficient of friction of the crack surfaces.
Reported values of the coefficient of friction of
rock on rock are 0.9 (Paterson, 1958), 0.47 to 0.86 (Jaeger,
1959) and 0.4 to 0.77 (Handin, 1964). In a study of the
effect of cracks on the uniaxial compression of rocks, Walsh
(1965b)calculated that, for Westerly granite, the coefficient
of friction on crack surfaces is 0.65 - .05.
The behavior of the cracks, prior to their propaga-
tion, should be the same during elastic uniaxial tests
(which Walsh considered) as during confined compressive
tests. Therefore, on confined compression tests on Westerly
granite one would expect the observed stress difference re-
quired to initiate crack growth to agree best with the
McClintock-Walsh modification with a coefficient of friction
of 0.65, providing the friction coefficient is independent
of pressure.
The pdV Work Associated with Crack Growth
The work per unit volume required to fracture a speci-
men is given by the area under the maximum stress difference
vs axial strain diagram, i.e., 5( C -T )d . The plots
3 1 If
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A vs C3 for the uniaxial compression tests show thatV - 3
there is a significant increase in volume as a result of
the growth of cracks. If crack growth in confined com-
pression tests also produces a pronounced increase in
volume, then an appreciable percentage of the work required
to fracture a specimen may go into work against the pres-
sure medium.
Consideration of the work done against the pressure
medium, i.e., ji work , may be important in attempting to
establish a fracture criterion. If, in confined compression
tests, there is a large discrepancy between the fracture
stress and the stress difference required to initiate crack
growth, such as exists during uniaxial compression tests,
then part of this discrepancy may be due to the pdV work.
Experimental Procedure
The samples were circular cylinders with a reduced
central section and of the same dimensions as used during
the uniaxial tests (Appendix 4). Axial and lateral strain
gages were ottached and the heads of the sample were covered
with copper foil (Appendix 11). The throat region of the
sample was jacketed in silicone rubber. The sample was posi-
tioned in the triaxial chamber shown in Figure 20 which was
filled with machine oil or kerosene. The leads from the
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strain gages and manganin coil were led out through a plug
in the side of the chamber.
The ram was broughtin contact with the sample prior
to raising the confining pressure to prevent the expulsion
of the ram and to minimize pressure changes during the test.
The confining pressure was increased to the desired level
by means of an intensifier. The axial stress in the sample
was increased by advancing the ram and was held essentailly
constant for intervals of a few minutes during the test.
The force applied by the ram was measured by a load cell.
The output from the strain gages and load cell were recorded
on a three-channel recorder (Appendix 6). The change in
resistance of the manganin coil was measured with a Wheat-
stone bridge (Appendix 6). In order to obtain partially
fractured specimens the axial stress was decreased when the
strains indicated that fracture was impending. However,
this was not always possible.
The force of the ram was balanced by friction at the
0-rings, the pressure medium, and the axial stress in the
sample:
F f + G(AR - AT) + T AT (Equation 1)
where F = force applied by the ram
f = frictional force at 0-rings
A = cross-sectional area of the ram
A = cross-sectional area of the reduced
section of the sample
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and C3 1 are the maximum and minimum compressive stresses,
(Appendix 13).
The variation of the frictional force at the 0-rings
with pressure was found to be (0.017)(AR)( j) above 1 kb
(Appendix 14). The frictional force was negligible below
1 kb.
Substitution of the appropriate dimensions into
Equation 1 gives the maximum stress difference in terms of
the ram load, confining pressure, and friction at the 0-
rings:
G- 0) = 5.92(F - f)in-2 - 4.65 d3 1
(Equation 2)
The volumetric strain was computed as a function of
maximum stress difference from the axial and lateral strain
vs maximum stress difference curves (Appendix 7). The
stress difference required to initiate crack growth was
determined from the _- vsG 3 - T) plots by noting the
point at which curve departed from linearity.
The total work required to fracture the specimen was
determinined by measuring the area with a planimeter under
the curve of ( 6G3 - G ) vs e The records of the confined
compression tests consisted of traces of £j vs_ F and E-i vs
F. Typical records are shown in Figures 22 and 23. From
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Equation 2
A( G3 - 0~) = 592 AF in-2  (Equation 3)
-Therefore, the work per unit volume of the sample repre-
sented by a unit area of the trace of E vs F was found
according to
S 2 = (5.92 AF in 
)(A e lf)
in in in in
(Equation 4)
For example, if one inch on the strain axis represents
4000 x 10-6 and one inch on the force axis represents 5000
pounds, then the work per unit volume represented by one
square inch equals
W = (5.92(5000 )(4000 x 10- 6  118.4 in 88 -2
in in in
In order to determine the work per unit volume done
against the pressure medium the volumetric strain associated
with crack growth was found by noting the difference between
the volumetric strain at fracture and the volumetric strain
which would have existed if crack growth had not occurred.
The latter was found by extending the straight line portion
of the &V vs (T - ) plot to the value of ( 3 ~.) atV- 3 1 3 1)a
fracture. The work against the pressure medium was found
by multiplying the pressure times the volumetric strain
caused by crack growth.
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Experimental Results
Typical examples of the strain vs ram-force traces
obtained during the combined compression tests are shown
in Figures 22 and 23o The zig-zag nature of the initial
portion of each trace is a result of alternately applying
the confining pressure and advancing the ram. The trace
of the axial and lateral strains are indicated on the
record by AXIAL and LATERAL, respectively. The intervals
during which the stress was held essentially constant for
a few minutes are recognized by the offsets along the curve.
The maximum stress difference was found at several
points by subtracting the frictional force from the load
on the ram and substituting into Equation 2. The plots of
vs (TG - T,) were drawn by measuring, on the trace,
the axial and lateral strains, computing - , and plotting
this value against the corresponding value of ( T - 6 ).
Typical examples of the plots of vs (C) - are pre-
sented in Figures 24 and 25. The slope of the linear por-
tion of A vs ( 0 - 7) was determined for comparison with
-v 3 ~1
the slopes during uniaxial compression tests.
The stress difference required to initiate crack
growth, ( a* - was determined from the plots of Ac3  13 V
vs ( C - G1) by noting when the curve departed from
linearity. The maximum error of ( 03 - C')' is about 10 per
cent. In order to test if the McClintock-Walsh modification
of the Griffith theory predicts the stress difference re-
quired to initiate crack growth, the corresponding values
of ( G l)' and T were divided by the stress required
to initiate crack growth in a uniaxial compression test,
G The results of these computations are presented in(a- -g)'
Table 8. The values of 3 are plotted against
the values of - in Figure 26. The maximum error is 20
per cent for the ordinate and 13 per cent for the abscissa
(Appendix 8). Agreement is best with the McClintock-Walsh
modification which incorporates a coefficient of friction
of about 0.7. The work per unit volume done against the
pressure medium, p(-), was found by multiplying the pres-
sure times the volumetric strain due to crack growth. The
total work required to fracture the specimen was found by
measuring the area under the maximum stress difference vs
axial strain curve and multiplying by the work per unit
area. The maximum error of the work done against the con-
fining pressure and total work are 9 and 7 per cent, respec-
tively, (Appendix 8). The values of the pdV work and total
work and the ratios of the two are presented in Table 8.
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TABLE 8
Results of Confined Compression Tests
Onset of Slope of ,a -a a
Crack AV 3~-1 _1
Strength Growth a at TotalConfining 
-a 
-a)' (a pdV Work Work pdV WorkPressure (C3al)mI, (ar-r) 1 3-a1 ) -6+22
Sample (kb) (kb) (kb) (kb x 10-) (aj=1.0-0.1 kb) (10-2 kb) (10-2 kb) Total Work
W-18 1-5 10-52 5.20 520 5.20 1.5 1.37 11.05 0.12
W-20 1.0 7.88 3.86 520 3.86 1.0 0-91 5.89 0.15
W-22 1.6 10.67 5-03 510 5.03 1.6 1-52 12.66 0.12
W-23 1.5 10.62 5-15 520 5-15 1.5 2.10 12.73 0.16
W-24 2.0 * 6.25 570** 6.25 2.0 * *
W-25 1.0 9.28 3.90 570 3-90 1.0 1.33 9.22 0.14
W-26 2.0 11.80 6-50 450** 6-50 2.0 2.20 12.87 0.17
W-28 0.5 6-30 2.20 700 2.20 0.5 0.46 3.97 0.12
*Jacket leaked at (a3-a1 ) = 8.6 kb.
**Linear portion was discontinuous.
Variation of Stress Difference at Onset
of Crack Growth with Confining Pressure
pi 0.8
(- 3j)'
1.5 2.01.0
3
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Discussion of Experimental Results
The discussion of the experimental results is con-
cerned with three topics: (1) the ability of the McClintock-
Walsh modification to predict the maximum stress difference
required to initiate crack growth, (2) the importance of the
work done against the pressure medium, and (3) the descrip-
tion of the fractured specimens.
(1) Stress Difference Required to Initiate Crack Growth
The results of the confined compression tests pre-
sented in Table 8 and, in particular, in Figure 26, show
that, for Westerly granite, the analysis of McClintock and
Walsh predicts the maximum stress difference required to
initiate crack growth. It is significant that the experi-
mental results agree best with the McClintock-Walsh analysis
which incorporates a coefficient of friction of about 0.7.
As described on page Walsh (1965b)computed a coefficient
of friction of 0.65 - 0.05 from uniaxial tests on Westerly
granite. This agreement with the curve for a coefficient
of friction of about 0.7 is additional evidence that the
analysis of McClintock and Walsh does predict the onset of
crack growth as a function of confining pressure. The fact
that the variation of (G' - G)0 with G, was linear suggests3 1 1
that the coefficient of friction did not change appreciably
up to 2 kb.
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(2) Work Done Against the Pressure Medium
Comparison of the values of pdV work and total work,
presented in Table 8, show that the work done against the
pressure medium accounted for 12 to 17 per cent of the total
work required for fracture. In general, the magnitude of
the d work increases with pressure: 0.46, 1.12, 1.72,
and 2.20 x 10-2 kb at 5 =1.0, 1.5, and 2.0 kb, re-
spectively. (The values of 1.12 and 1.72 x 10-2 kb are the
average values at G = 1.0 and 1.5 kb, respectively.) How-
ever, the ratio of pdV work remained constant, at least
within experimental accuracy.
It should be realized that there is a certain amount
of indeterminant error involved in calculating the maximum
volumetric strain used in determining the pdV work. At
just before fracture, surface cracks may develop directly
beneath a strain gage which could result in a strain reading
not representative of the entire sample. The assumption
that the diametrical strain varies continuously around the
sample would no longer be true and an erroneous volumetric
strain would be obtained. Fortunately, anomalous behavior
of the strain gages was apparent from observation of the
graphical trace and the above-mentioned error was minimized
by computing the maximum volumetric strain from the output
of the strain gages just prior to when their behavior was
suspect.
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(3) Description of the Fractured Specimens
It was relatively easy to obtain partially-fractured
samples during the confined compression tests. This was
done by immediately lowering the applied load when anomalous
behavior of the strain gages indicated that fracture was
imminent.
Sample W-26 was tested under a confining pressure
of 2 kb. As shown by the LATERAL curve in Figure 23, the
lateral strain became excessive and the load was released.
The surface of the sample was pitted due to the loosening
of grains. In addition, there were two well-defined par-
tial fractures as shown in Figure 27. The inclination of
each partial fracture was about 35 degrees from the vertical.
Examination of the polished section revealed a partial frac-
ture which incorporated three inclined biotite flakes. This
is shown in Figure 28a. Observation of the outline of the
grains indicates that the partial fracture grew predominantly
along grain boundaries. Figure 28b shows the crack growth
between the upper two biotite grains of Figure 28a. It
appears that there are several, small, near-vertical cracks
associated with the main crack connecting the two grains.
This association of subsidiary near-vertical cracks with
a major crack was frequently noted.
Figures 29 and 30 are nearly perpendicular views of
sample W-20. The test was conducted at a confining pressure
of 1 kb and stopped when the resistance of the axial strain
gage began to increase rapidly. Observation of Ftgure 31
explains the anomalous behavior of the strain gage: A par-
tail fracture extends about halfway through the sample and
has cut the axial strain gage. The amount of displacement
along the partial fracture is indicated by the offsets of
the grid of the gage. The inclination of the partial frac-
ture is about 30 degrees. Close inspection of Figure 31
reveals that the surface expression of the partial fracture
is composed of vertical and inclined segments. Figure 32
shows an enlarge view of abrasive-filled en echelon cracks
which occur along a portion of the partial fracture. Figure
32b, in particular, shows the numerous near-vertical cracks
frequently found between the inclined segments of partial
fractures.
Sample W-23 was tested under a confining pressure of
1.5 kb. Figure 33 is a view of the thin section. The di-
rection of maximum compression is vertical. The detail of
crack growth is shown quite clearly in Figure 33b. Here,
again, are the numerous near-vertical cracks between the
inclined cracks. Some of the cracks end at the grain
boundary, reminiscent of cracks introduced at the ends of
compression specimens due to the elastic mismatch between
the steel platens and the sample. It is interesting that
the upper inclined crack shows no appreciable change in
orientation when crossing the grain boundary.
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Sample W-18 was tested under a confining pressure of
1.5 kb. No partial fractures were observed but an interesting
crack array was found in one grain, as shown in Figure 34.
The inclination of the array is about 25 degrees from the
direction of maximum compression, T3. The average incli-
nation of the non-vertical cracks is about 40 degrees from
the direction of C 3. The typical appearance of the com-
pletely broken samples is shown in Figure 35. The inclina-
tion of the faults in each test was about 30 degrees.
The features observed during the examination of the
fractured material are interpreted in Chapter V,
CONCLUSIONS.
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CONCLUSIONS
Introduction
This study has been oriented toward obtaining a more
thorough understanding of the mechanics of crack growth
during brittle fracture. This has necessitated the use of
several types of experiments and techniques of data inter-
pretation, some of which were developed during this
investigation. It is appropriate that these experimental
and interpretative techniques be evaluated as part of the
conclusions of this study. This is done in the first part
of this chapter.
The implications of the results of this study with
regard to the process of brittle fracture is presented in
the second half of this chapter. This includes the micro-
scopic and macroscopic picture of brittle compressive
fracture as existed when this investigation was begun, the
change in this picture, as a result of this study and
suggestions for further investigation.

107.
Evaluation of Experimental
and Interpretative Techniques
Stiffening Element
The modification of the hydraulic ram was very bene-
ficial. The ability to obtain partially fractured specimens,
with strains greater than obtained at complete fracture in
a conventional loading system, (Brace, 1964), is an indica-
tion of the value of the stiffening element when studying
the growth of cracks. Another advantage of the particular
stiffening element used in this study was the simplicity of
design and small cost. Two obvious disadvantages are the
limitations of sample size and restriction to uniaxial com-
pression tests.
Sample Shape
The sample shape was a modification of one used
previously (Brace, 1964). The samples were relatively
easy to prepare and were economical of material. Unfor-
tunately, there is, theoretically, a stress concentration of
about 1.25 (Peterson, 1953), at the fillets. However, the
value of Young's moduli and compressive strengths agreed with
the results of Brace (1964). In addition, observation of
the sample during uniaxial compression tests showed that
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crack growth generally began in the throat region of the
sample, well removed from the fillets.
Determing Onset of Crack Growth with the Plot of 3vs ( C
Earlier attempts at detecting crack growth employed
sonic techniques (Obert and Duvall, 1945) and the erratic
behavior of strain gages due to crack growth directly be-
neath the gage (Blakey and Beresford, 1953). The disadvantage
of the sonic method is that crack growth at the ends of the
specimen in contact with the platens would be detected in
addition to the cracks which grow in the central region of
the sample. The limitation of Blakey's method is that it
detects only those cracks which occur directly beneath the
strain gage.
The calculation and graphical presentation of the
volumetric strain as a function of stress has proven to be
a very good method for detecting the onset of crack growth.
Many of the conclusions derived from this study are based
on this technique and it was of great value in understanding
qualitatively how cracks grow. The reported error in deter-
mining the maximum stress difference at the onset of crack
growth is about 10 per cent. This value was judged from
how accurately one is able to decide on the stress difference
at which the A vs ( T - T.) curve departs from linearity.
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However, the reproducibility is much better than this, as
shown in Figure 26, and so the reported error of 10 per cent
is felt to be conservative.
Use of Compressibility Test in Determining New Crack Growth
Walsh's (1965a) analysis of the effect of narrow
cracks on the compressibility of rocks has proven to be
very beneficial in determining the orientation of new crack
growth. Direct observation of the polished sections of the
deformed samples supported the results of the compressibility
tests which indicated that the predominant direction of
crack growth is parallel with the direction of maximum com-
pression. In addition, the increase in porosity as determined
from the compressibility tests agreed quite well with the
permanent volumetric strain obtained during the uniaxial
compression tests, (Chapter III, Table 7). Thus the tech-
nique for determining the porosity due to narrow cracks as
suggested by Walsh is valid and offers a convenient method
for studying new crack growth.
The Process of Brittle Fracture
Microscopic
Brace (1964) correlated the microscopic process of
fracture with certain characteristics of the stress vs
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axial strain curve. His stress-strain curve is reproduced
here (Figure 36) to aid in the following discussion. The
stress at which Young's modulus begins to decrease is
designated as the beginning of region III. From examination
of the polished sections of rocks stressed to region III,
Brace found that the initial stage of brittle fracture was
a detachment of grains along their boundaries so that just
prior to fracture there were numerous loosened sections of
grain boundaries of various lengths and orientation. During
region IV Brace reported that cracks begin to grow out of
certain of the grain boundaries which opened during region
III. The final stage consists of a through-going fracture
which forms out of systems of these cracks, especially en
echelon arrays of loosened grain boundaries and cracks.
As a fault grows out of an en echelon array of cracks it
must break through the intervening material between the
individual cracks. Brace reasoned that this results in the
pulverized material associated with a fault.
Some of the results of this study differ from the
observations of Brace. Measurement of the linear compressi-
bilities before and after the uniaxial tests indicate that
the predominant orientation of new cracks was parallel with
the direction of maximum stress. Had grain boundaries
opened at various orientations, as suggested by Brace, then
the axial compressibility would have increased.
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Another difference is that non-elastic behavior
begins before the stress level of region III. In fact,
for Westerly granite, departure from elastic behavior
occurs at about half the compressive strength. This has
been interpreted as indicating the onset of crack growth.
However, there is a possibility that the departure
from elastic behavior is due to an opening of near-vertical
grain boundaries. This might occur, for example, if a
wedge-shaped grain was forced against a vertical grain
boundary. Observation of samples loaded to just above the
stress at which behavior is non-elastic did not provide con-
clusive evidence as to whether the first stage of fracture
is an opening of near-vertical grain boundaries or the actual
growth of pre-existing cracks.
However, two facts exist which qualitatively support
the idea that crack growth and not the opening of vertical
grain boundaries is the cause of departure from elastic
behavior. First, if the wedging action of adjacent grains
can open grain boundaries, there is no reason why the mechanism
should be restricted to just vertical grain boundaries. If
inclined grain boundaries opened the axial compressibility
would have increased but it was found to remain essentially
constant. Secondly, observation of material taken to region
IV shows that inclined cracks do grow vertically and we have
no particular reason to believe that they will not grow in
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similar manner at lower stresses. It is suggested that the
lack of evidence of such at the departure from elastic
behavior is due to the fact that crack growth is less ex-
tensive than in material stressed to region IV.
A third difference is that less importance is
attributed to grain boundaries than to pre-existing trans-
granular cracks and biotite grains in initiating crack
growth. Observation of the thin sections of the undeformed
material, (Appendix 10), revealed the existance of many
trans-granualr cracks.. The fact that linear, inclined,
trans-granular cracks and inclined biotite grains were in-
corporated into the partial fractures which extend for only
a few grain diameters suggests that these elements were
instrumental in initiating fracture. To be sure, grain
boundaries are also incorporated into the partial fractures,
but their role seems to be secondary compared to pre-existing,
inclined, cracks and biotite grains.
It was found that fractures form from en echelon
arrays of cracks as observed by Brace. One instance of
crack growth between en echelon biotite grains was found
(Figure 28). In general, the en echelon cracks were trans-
granular (Figures 18 and 19). The crack growth between the
inclined en echelon cracks was predominantly vertical (ie.,
parallel with (.) and was both through and around grains.
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Frequently, there were several near-vertical cracks
between the Inclined, en echelon flaws, (Figures 28, 32, and
33). The extensive fracturing may contribute to the powdered
rock commonly associated with fracture in compression.
The existance of well-developed partial fractures
parallel with the fracture surface (Figure 16) indicates
that more than one fracture is developing simultaneously.
However, for some reason, one grows in preference to the
others to become the through-going fracture. The essentially
constant shape of the partial fractures through a distance
of a few grain boundaries (compare Figures 16 and 18) indicates
that the width of the partial fractures is appreciable. If
the partial fractures support little or no stress this appre-
ciable width might result in a higher stress on the irreguler
plane which contains the partial fracture.
To summarize, then, the microscopic picture of frac-
ture appears as follows: At a stress difference of roughly
half the strength near-vertical cracks begin to grow from
pre-existing, trans-granular cracks and tabular grains which
are (1) inclined to the direction of maximum compression and
(2) generally en echelon. Crack growth continues as the
stress is raised and the direction of growth is predominantly
parallel with the direction of maximum compression. The
vertical growth is both through and around the grains. Pre-
sumably, the finite width of the partial fractures tends to
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restrict further crack growth to the plane containing the
partial fracture. It appears that eventually some one par-
tial fracture reaches a length and width such that the
stresses on the plane containing the partial fracture are
significantly higher than the applied stress and further
crack growth is concentrated along this plane so that it
becomes the through-going fracture.
There are many details of crack growth which require
further investigation. For example, consider the problem
of predicting the deformational behavior of a material from
observation of a representative thin section. At present,
we cannot single out a crack and predict the stress difference
required to make it grow or how far and in what direction it
will propagate. Such problems require a detailed knowledge
of the stress conditions around cracks or flaws in elastically-
anisotropic material which in tun requires knowledge the ex-
act geometry of a crack and the coefficient of friction along
the crack surfaces. In addition, one should know the tensile
strength of the material at the most severely stressed point
which requires knowledge of the absolute strength of minerals
in any crystallographic direction and the influence of im-
purities on the strength of atomic bonds. The additional
knowledge required to predict the path of propagation are
the stress conditions around a partial fracture and the
strength of grain boundaries. Concerning the latter, we do
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not even know the structure of a grain boundary let alone
how its strength depends on the confining pressure or the
composition of the adjacent minerals.
Macroscopic
When this study was begun there was a substantial
amount of evidence which indicated that the mechanism of
fracture was very similar to that proposed by Griffith,
i.e., that fracture occurs when the most severely stressed
crack propagates. By considering grain boundaries as
cracks, it was found that the uniaxial compressive strength
and the maximum grain size for two crystalline limestones
agreed with Griffith's predictions (Brace, 41961) and that
the tensile strength of certain rocks could be predicted to
within a factor of two by substituting measured quantities
into Griffith's expression for tensile strength (Brace, 1964).
Perhaps, the strongest support for the mechanism suggested
by Griffith was the agreement of experimental data with the
McClintock-Walsh fracture criterion which differed with
Griffith's only in that frictional stresses on the crack
surfaces were included in the analysis. The experimental
results agreeed best with the McClintock-Walsh criterion
which incorporated a coefficient of friction of about unity,
a reasonable value in view of measured values of friction
of rock surfaces.
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A study of crack propagation in a compressive stress
field (Brace and Bombolakis, 1963) and the change in the
stress conditions when cracks are in close proximity
(Bombolakis, 1963) indicated that some discrepancy between
theory and actuality might exist. However, the observations
that the McClintock-Walsh modification is identical with
the empirical Coulomb law (Brace, 1960) and that crack
growth and faulting occur in certain rocks at about the
same stress difference (Brace and Bombolakis, 1963) suggested
that the McClintock-Walsh modification of the Griffith theory
was a valid fracture criterion.
The results of this investigation indicate that
certain, rather fundamental, changes in our conception of
the fracture process are necessary. One of the more im-
portant results of this study was the conclusive evidence
that, in both uniaxial and confined compression tests,
crack growth occurs in Westerly granite, a typical, crystal-
line, silicate rock, at about half the stress difference
required for fracture. Crack growth at stresses much less
than the compressive strength also occured in other common
rock, types as previously noted (page 77 ). Therefore, it
is concluded that neither the Griffith theory nor the
McClintock-Walsh modification can be expected to predict
the compressive strength of common rocks.
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However, the agreement between the McClintock-Walsh
modification and the stress difference required to initiate
crack growth (Chapter IV, Figure 26) suggests that the pre-
sent modification of the Griffith theory is suitable for
predicting the onset of crack growth.
The pronounced increase in volume due to crack growth
has rather broad implications regarding a fracture theory.
In particular, comparison of the pdV work and the total
work required for fracture (Chapter IV, Table 8) suggests
that an appreciable amount of the input work goes into work
against the pressure medium. Orowan (1964) suggested that
the strength of a material could be considered as the work
required for fracture as well as the maximum stress difference
the material can support. If the strength of a material is
thoughtof as the work required for fracture, then the pdV
work is obviously of importance and should be considered in
developing a fracture criterion. In tension, the stress
required to initiate crack growth is the fracture strength
since the most critical crack becomes more severely stressed
once growth occurs. Therefore, there is probably not the
pronounced volume increase during tensile fracture as is
observed in compression. This suggests, then, an additional
fundamental difference between fracture in compression and
in tension.
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The compressibility tests and visual inspection of the
fractured material indicated that the direction of new crack
growth was essentially parallel with the direction of maxi-
mum compression, i.e., vertical. This behavior is exactly
as found by Brace and Bombolakis in their study of crack
growth in glass and plastic.
Examination of the polished sections (Figures 16, 17,
and 32) and the surface exposure of partial faults in the
deformed samples (Figure 31) indicates that some of these
vertical cracks are incorporated into the fracture surface.
The presence of vertical cracks along an inclined fracture
results in a rough, step-like, surface. The direction of
these steps is such that they resist frictional sliding in
the direction imposed by the stress state which formed the
fracture. Similar observations were reported by Paterson
(1958). It may be that the roughness of natural faults is
a result of the same mechanism. Presumably, some of these
steps must be broken for frictional sliding to occur.
Brace (1960) pointed out a fundamental inconsistency
in the Navier-Coulomb theory when he questioned the simul-
taneous existance of both the friction and cohesion terms
on a given surface. Observation of the offsets in the grid
of the strain gage of a partially-fractured specimen (Figure
31), indicates that motion has occurred along a fault which
does not extend completely through the specimen. This
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suggests that even if the Navier-Coulomb theory is modified
to remove the discrepancy noted by Brace, it still could not
be expected to predict the strength of a material unless it
considered the relative magnitudes of the friction and co-
hesion terms as fracture is approached.
The stress was held essentially constant for intervals
of about five minutes during some of the uniaxial compression
tests. During this time the lateral strain increased at a
perceptible rate, particularly in the first minute or two.
It was generally impossible to detect any motion of the
recording pen at the end of the five-minute interval. The
increase in volume which occurred during these intervals is
caused by the growth of cracks. This evidence, together
with that of the experiments which show the effect of strain
rate on the amount of crack growth, suggests that the
growth of cracks in the Westerly granite is time-dependent.
The character of the tests during the five-minute
intervals is essentially that of creep test. Therefore, the
results of this study support the suggestion made by
Robertson (1958) that crack growth may be an important
mechanism during the creep of rock, particularly at low to
moderate temperatures and confining pressures.
There are several questions, in addition to those
presented earlier, which must be answered before we are able
to predict the strength of rock from fundamental properties.
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For example, the motion which occurs along a fault, prior
to complete fracture, indicates that a theory of friction
is necessary. Such a theory should extend to very rough
surfaces to determine the influence of the steps along a
fault in preventing motion. The appreciable pdV work
which occurs during confined compression tests indicates
that the relative magnitude of the three principal stresses
may be more important than previously considered (Brace,
1964).
Concerning the time-dependence of crack growth, an
investigation should be made of the diffusion of water vapor
or other common contaminants through a rock and the effect
of such contaminants on the surface energy and strength
properties of minerals. In addition to a more thorough
knowledge of the factors which influence the growth of cracks
such a study might provide insight into the mechanism of
creep of silicate rocks and the reasons for a strain-rate
effect on crack growth.
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APPENDIX 1
CRITICAL ORIENTATION OF ELLIPTICAL OPENINGS
IN A COMPRESSIVE STRESS FIELD
The most critical orientation of an elliptical
opening in a biaxial stress field is given by (Bombolakis,
1963)
cos 2Y= - 1 ( ~ PQ a + b P + Q . ab
P + Q a - b P - Q a - b
(Equation 1)
where a and b are the semi-major and semi-minor axes,
respectively,
P and Q are the principal compressive stresses, and
is the inclination of the long axis of the
ellipse from the direction of Q.
For uniaxial compression, P + 0, and Equation 1
reduces to
cos 2 = (a + b aab
2 a - b a2 - b 2
Cos 2Y =
a 1
b
(4 a
2a _
(Equation 2)
Substitution of [ = 4t 5, 6 and 7 into Equation 2 gives
3 6 .20, 35.Oo, 34.60 and 34.0O, respectively.
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APPENDIX 2
DESIGN OF THE STIFFENING ELEMENT
The fundamental quantity to consider in depigning a
"stiff" loading system is the additional amount of strain
energy which is introduced into the specimen during the
fracture process. A schematic diagram of a stiff loading
system is shown in Figure 37 to aid an understanding of
the design principles.
The spring of low spring constant, KR, represents the
rock specimen and the spring of spring constant, K ., repre-
sents the stiffening element incorporated into a conventional
loading press. The applied load is indicated by F. As the
load, F, is increased to the point just before fracture,
the springs deflect by the amount & .
The strain energy in a spring of constant K subjected
to a force, F, which has undergone a deflection, is
SF9d F _d F 2 -(KS2)
2K 205dF = ~ dF = =(
(Equation 1)
Therefore, the energy in the spring which represents the
F2
rock just prior to failure is = ER
2KR R
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- Combined Spring Constant : KS
Spring Constant KR
F
Schematic Diagram of Stiff Loading System
Figure 37
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When the rock begins to fail its load-carrying
ability decreases and a portion of the load, FR' i
transferred to the stiffening element which undergoes an
additional displacement S'. This deflection, 6'. allowed
by the stiffening element, introduces additional strain
Koa K CFRinto the rock of(an 2K ) = Ei , where K
is the spring constant of the partially broken rock and
C is the percentage of the load-carrying ability lost due
to the partial fracturing.
In order to terminate the fracture process the
additional strain energy, El should be a small percentage,
n, of the strain energy in the rock just prior to failure,
ER K' CF 2 F 2
Thus El = n ER. Substitution gives )= n
R R
and therefore,
KRK
2 - n .(Equation 2)
K2
This development cannot be extended without know-
ledge of the stress-strain curve. However, by letting
C = 1 and KI = KR, one obtains
RK 2D
(R) = n (Equation 3)
which, when used for design purposes, will yield an overly-
stiff loading system.
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Circular Ring in Parallel with Rock Specimen
The initial modification of the hydraulic loading
system consisted of placing the rock specimen within a
circular ring of steel, as shown in Figure 38. The
equivalent spring constants for the rock specimen and
the steel ring are given by
K-EA
Y =(Equation 4
where E = Young's modulus
A = Area of cross-section normal to load
H = Height
substitution of Equation 4 into 3 gives
EAR 2
(RR)
R
ESA 2 = n (Equation 5)
H3
It is not necessary to have the steel ring
incorporated into the loading system during the elastic
portion of the stress-strain curve of the rock. There-
for, the height of the rock sample exceeded that of the
steel ring by a few thousanths of an inch. For design
purposes, however, they may be considered equal and
Equation 5 becomes
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Rock SpecimenArea : AR
Steel RingArea - AS
H
Circular Ring Used for Stiffening Element
Figure 38
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U
44
44
0 v
$4O
Dimensions of Stiffening Element
Figure 39
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d+ a F
FRt
IR
Load per unit of length, w
Simply Supported Beam with Uniform Load
Figure 40
x
E A
(%_)2 ( AR)2 = n (Equation 6)ES AS
The choice of rock type, sample size, and n determines
AS according to
E )(A
A = ( )( (Equation 7)
Stiff Beam in Parallel with Rock Specimen
A more versatile modification of the loading press con-
sisted of placing the rock sample beneath a beam as shown in
Figure 39. The development of an expression for the stiffness
of the element shown in Figure 39 is only an approximation for
two reasons: (1) The small length to depth ratio of the beam,
and (2) The relatively large width of the supports.
Three factors entered into the design of this
stiffening element: (1) the necessary stiffness, (2)
a convenient size, and (3) the yield strength of the steel.
The bending moment, Mv, in a simply supported beam
which carries a uniform load over part of its span is given
by
Mx =Rx - (x - a)2 . (Equation 8)
(A.I.S.C. Steel Construction Manual). A schematic diagram
is presented in Figure 40 to explain the terms in Equation 8.
Let the force applied by the hydraulic ram be denoted
by F. Since w = , Equation 8 becomesd
M -If (x -a )2(Equation 9)x x 2d '
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The bending moment is related to Young's modulus,
the moment of inertia and the curvature of the beam
according to
E xI M.d x
Therefore,
EI M § dx
R -- - (d 3 - x 2a - xa 2 ) + C ,
(Equation 10)
where C is a constant of integration. At x - = 0.Tro2' dx
Therefore,
F L3 L2a La2 RL2
C = -2 7[4 ~- ~V ~~2~ ~ ~-- (Equation 11)
An additional integration gives
EIy = F ( X ) + C x +
6 2d 1 3 - 2' 1 C2 '
(Equation 12)
At x = 0, y = 0. Therefore, C2 = 0.
Substitution of C into Equation 12 and rearranging
gives
= 1 Rx - F x xa x2a2 F L3 L
2a La2  RL2
y --- ()-- - -2 d( - 31 2 ) + x(d (2 - -. - - )]
(Equation 13)
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The maximum deflection occurs at mid-span and is
1 RL3  FL2 L2 La a2
maximum ETI 7I4- + -d (P 3~ ~T
(Equation 14)
In addition to the deflection from bending, there
is additional deflection due to the shortening of the
vertical supports. The deflection resulting from this is
y=RH
AE ,(Equation 15)
where H, A are the height and area, respectively,
of the vertical supports.
The specimen exerts a force, FR, on the beam which
tends to counteract the applied force, F. Thus with
R = (F - FR) the total deflection is given by
2 ___ (FRRL)a
(F - FR)H (F - FR)L3 (F-F R)L2 L2 La a2
Ytotal 2AE + EI + 8d ' ~ 3 T
(Equation 16)
The stiffness, K , of the beam is given by y . Since
max
FR is much less than F one finds that
1 H + 1 -L3 L 2  L 2  La a2
K ~~ TA TE + 'T --- 1 -2(a qu 3 21
(Equation 17)
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Substitution of Equations 4 and 17 into Equation 3 gives
RE H + 1 [-L3 +L2 (L2 La a 2  2
- - HR L) E +E1 [-2a ~l~ ~ 3
(Equation 18)
Equation 18 is used to determine the moment of inertia, I,
required to give the necessary stiffness once the other
dimensions, rock type and n have been chosen.
In order to include the possibility of yielding of
the steel a relationship must be found between the dimen-
sions of the beam and the maximum deflection. If the
yield point of steel is G', then the maximum elastic
strain is given by E= -a (Equation 19). The maximum
strain in a beam of thickness h with a radius of curvature
R is
g-h7R (Equation 20)
and to prevent yielding Tg must be less than . The
relationship between the span length, thickness and maxi-
mum deflection is found with the aid of Figure 41.
From Figure 41 one sees that
y = R(l - cos 9) and,
therefore,
cos R= R
137.
R
L
h
Neutral Axis
Beam in Simple Bending
Figure 41
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L
Also, L= R sin 9 and, therefore, sin 9 = . One finds
with use of the identity sin 29 + Cos 2 9 = 1 and some re-
arranging, that
(Equation 21)
The condition for no yielding is
h -
2R E (Equation 22)
Substituting Equation 21 into Equation 22 gives
4thy <
4y2 + L2 E (Equation 23)
as the condition for no yielding.
The moment of inertia , I, was determined from
Equation 18 by substitution of the appropri'ate values for
AR, ER' HR (subscripts denote rock), a, E, n and arbitrary
values for H, A, L. The values for H, A, and L were
selected on the basis of a convenient size.
The moment of inertia, I, is given by
I bh 317 (Equation 24)
where b = width of beam
h = thickness of beam.
A width of two inches was selected for convenience.
R = 4y 2+ L 28y_
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By solving Equation 214 for h and determining the
deflection, y, required during a uniaxial compression test,
the necessary yield point of the steel could be determined
from Equation 23.
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APPENDIX 3
LIMITATIONS OF A PRESS OF FINITE STIFFNESS
The purpose of the stiffening element in a conventional
loading press is to terminate the fracture process until the
load is further increased by the operator. The effectiveness
of such a loading technique depends on the stiffness of the
element and the complete stress-strain curve of the material
being tested.
Imagine a stiffening element placed in parallel with
a rock sample such as shown in Figure 7. Denoting the load
on the rock sample by FR and the load carried by the stiffening
element as F a load vs deflection curve would appear as
shown in Figure 42.
The fracture process is controllable in the region
of the load vs deflection curve denoted by B-B'. However,
at point B' (corresponding to A on the FT curve, C on the
F curve) the stiff modification becomes unstable and the
deflection d occurs instantaneously, resulting in complete
fracture of the specimen.
dF
The instability occurs when -dT- 0. Since FT R + F8
dFR dF5the press is unstable when -= - i.e., when the slopes
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of the two curves FR and F8 are equal but of opposite
sign. The fracture process is controllable as long as
dF dF . Any press is limited in that it allows
control of the fracture process only up to the point
at which the load-deflection curve of the rock begins
to decrease at a rate faster than the rate of increase
of the load-deflection curve of the stiffening element.
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Figure 42
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APPENDIX 4
PREPARATION OF SAMPLES
The dimensions of the sample are shown in Figure 43.
Figure 44 is a photograph of the sample. Cores with a
diameter slightly greater than 0.625" were placed in a
cylindrical grinder and the entire surface was ground to
the finished diameter of the heads. The diamond wheel
(Crystalon, by Norton Company) was then shaped to produce
the radius of the fillet and the throat region was shaped.
The core, which at this point consisted of three
to four samples joined end to end, was cut on a diamond
saw into lengths of about 2.050". The ends were then
ground parallel on a surface grinder to the final length.
Damage to the sample during preparation was minimized
by means of coolants and restricting cuts to less than
O.oos". In general, the final sample had a smooth finish
and all edges were undamaged.
Actual Size Enlarged 3X
Dimensions of Rock Specimen
Figure 43
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Rock Specimen
Figure 44
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APPENDIX 5
DESIGN AND CALIBRATION OF THE LOAD CELL
Design
As shown in Figure 7, a load cell was placed in
series with the rock sample to obtain the stress supported
by the specimen.
The load cell is a straight cylinder of hardened
(Rockwell 55c) drill steel to which are affixed four
strain gages (BLH FAC-12-50), as shown in Figure 46.
Gages 1 and 3 measure longitudinal strain and
gages 2 and 4 measure lateral strain. For recording pur-
poses, the four gages are incorporated into the four arms
of a Wheatstone bridge, as shown in Figure 46.
The output of this Wheatstone bridge is given by
E AR - AR2 + ARg - AR,AG = [ R 3 (Equation 1)
rF 110
where AG = output voltage
~E = input voltage
R = initial resistance of strain gage
AR = change in resistance of ith gage.
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Wheatstone Bridge
3600 View of Load Cell
Load Cell and Strain Gage Circuit
Figure 46
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The resistance of a strain gage increases with an
increase in length. Therefore, when the load cell is com-
pressed, the resistance of gages 1 and 3 decreases and the
resistance of gages 2 and 4 increases. Gages 2 and 4 are
in adjacent arms of the bridge with respect to gages 1
and 3, so that the changes in resistance of all the gages
due to strain are additive whereas changes in resistance
due to temperature are self-canceling.
With AR = AR3 and AR2 = AR4 , Equation 1 becomes
AG = AR1  + . (Equation 2)
The change in resistance of a strain gage is given
by
AR= (G.F.)(6), (Equation 3)
0
where G.F. = gage factor
= linear strain
The output of the Wheatstone bridge can be determined by
calculating the strain which the load cell will experience,
determining the change in resistance of the four gages with
Equation 3, and substituting into Equation 2.
For example, the maximum load experienced by the load
cell during a uniaxial compression test on Solenhofen lime-
stone would be about 6000 pounds. The area of the load
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2 6
cell is 0.306 in2 and Young's modulus is 30 x 10 psi.
Therefore,
longitudinal 6= - 63 x 10-630 x 10
lateral long.) = (0.28)(-653 x 10-6) = 183 x 10-6
where 'I= Poisson's ratio of steel.
Substituting these values into Equation 3, one finds
that
R = (G.F.)(-653 x 10-6)
0 o
= (2.1)(-653 x 10-6)
= -1372 x 10-6
(2.1)(183 
x 10-6)
o R o
= 384 x 10-6
The magnitude of the input voltage, E, in Equation 2,
is limited to avoid heating of the strain gages. For the
particular gages used R = 500 and the safe value of E
was determined to be 10 volts.
Therefore, according to Equation 2, the output of the
Wheatstone bridge is
AG = 10(1372 + 384) x 10-6 = 8780 x 10-6 = 8.7 millivolts.
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The most sensitive scale on the recording apparatus (Moseley
Autograph Model 136) is 5 millivolts for full scale deflection.
Therefore, the load cell, as designed, is sensitive enough
to give sufficient record.
Calibration
For recording purposes, it is desirable to know the
stiffness of the load cell in terms of pounds per change
in resistance of the Wheatstone bridge. An approximate
value for the stiffness can be computed as follows:
Denoting the strain gages by subscripts,
(,3 = (F)(G.F.)
(AR) Fo 1,3
where F = pounds force applied to the load cell.
Therefore,
EA-R 2 (F)(G.F.)(1 +6
and
F _ AE
R ~ 2( .(G.F. )(1 +- ) (Equation 4)
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Substitution of the appropriate values into
Equation 4 gives
(0.306 in2 )(30 x 106
- inZ =3420
R (2)(500A ) (2.1) (1.28)
This value differed from the measured value by only 2.5
per cent.
The load cell is calibrated by placing it in series
with a load cell of known stiffness. The stiffness of the
load cell was found to be 3340+ + 30 The range of
values was less than 1 per cent from the median value.
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APPENDIX 6
RECORDING INSTRUMENTATION
A three-channel recorder (4oseley Model 136)was
used to obtain a graphic tracing of the DC output from
the strain gages and load cell during the compression tests
and the strain gages and manganin coil during the com-
pressibility tests. The recorder was calibrated prior to
a test to plot the data on a convenient scale, e.g. 500
strain units per inch. This was done by calculating from
the strain gage equation,
AR = (R)( )(G.F,
where AR = change in resistance due to a strain,
R = initial resistance of the strain gage
G
.
F2= gage factor of the strain gage,
the change in resistance associated with a certain strain.
The gain on the recorder was then adjusted so that such a
change in resistance would extend over a desired interval
of the graph.
A null detector (Leeds and Northrup, D-C Model 9834)
was used in conjunction with a guarded Wheatstone bridge
(Leeds and Northrup, Model 4735) to determine the magnitude
of the confining pressure during the confined compression
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test. The resistance of the manganin coil increased with
increasing confining pressure and the change in resistance
was balanced with the Wheatstone bridge. The null detector
was used to determine when balance was obtained.
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APPENDIX 7
CALCULATION OF FROM TWO STRAIN GAGESIV
The volumetric strain experienced by anisotropic
material may be determined according to
1= El + E2 + E 3 (Equation 1)
where El, E2, and 3 are the principal linear
strains.
In this study the volumetric strain was determined by
summing the linear strains according to
AV + 2
-- +2f (Equation 2)
where E and G are the strains measured by the
axial and lateral strain gages,
respectively.
Use of Equation 2 assumes that
(Equation 3)
If the lateral strain gage extends over half the circum-
ference of the sample and if the originally circular
E2 + (E3
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cross-section of the specimen becomes elliptical then
Equation 2' gives the true volumetric strain eperienced by
the sample. This is shown in the following analysis.
Imagine that the originally circular cross-section
of radius r deforms into an ellipse of and major and minor
axes, a and b, respectively. If 62 and 63 are the principal
strains in the plane of the cross-section then
a = r0 (1 + 6 2 )
b = r0 (1 + C3 ) (Equation 1)
The orginal length, lo, of a strain gage which
extends over half the circumference of the sample is
10 = wr0  (Equation 5)
The final length, 1, is to a small approximation, (C.R.C.
Standard Mathematical Tables),
(a2 + b 27
2 (Equation 6)
The strain experienced by the strain gage is
1 -10
1 1 0 (Equation 7)
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Substitution of Equations 4, 5, and 6 into Equation 7
gives
r2 (1 + 2 +
± ( ) - re
=(1+ 62 + E3 + 3 2+
(Equation 8)
The strains are of the order of 10-3. Therefore,
to a small approximation,
1
(1 + ( E2 + 6 3 ))- 1 . (Equation 9)
Using the binomial expansion:
(1 + x)n = 1 + nx + higher powers of x
one finds, from Equation 9 that
E2 * E 3
to within an error of the order of E2
Therefore, for the conditions specified, Equation 2
gives the true volumetric strain. It is recognized that
an indeterminant error exists if the strain gage extends
over other than half the circumference and if the cross-
section deforms to a shape other than elliptical. However,
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except at just before fracture, It is expected that, (1)
the strains vary uniformly around the sample, and (2) the
difference between the principal strains is small. There-
fore, small departures from the original assumptions should
not significantly affect the validity of Equation 2.
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APPENDIX 8
ERROR ANALYSIS
Recording System
The changes in resistance of the strain gages, load
cell, and manganin coil were either displayed on the
three-channel recorder or measured directly with a Wheat-
stone bridge.
The three-channel recorder (Moseley, Model 136)
has a reported accuracy better than 0.20 per cent. There-
fore the maximum error in measuring changes in resistance
is 0.20 per cent.
Linear Strain Measurement
The error of the strain measurements is less than
two per cent. Bending in samples with a length to diameter
ratio slightly greater than the samples used in this study
caused errors in the strain measurements of about one per
cent (Brace, 1964). The initial resistance and the gage
factor of the strain gages are given to within 0.16 and
0.50 per cent, respectively. Therefore, the maximum error
(Topping, 1955) in the strain measurements is
159.
.o01 + f(AR) + (G.F) + ER,AR G.F. R0
= 0.01 + 0.002 + 0.0o5 + 0.0016 = 0.0186,
or less than two per cent. Maximum sensitivity is from
5 to 60 x 10-6, depending on the scale of the trace
obtained from the recorder.
Stress Measurements
The load cell used for the uniaxial tests was
calibrated against a known load cell and has an accuracy
of better than two per cent. The diameter, d, of the
throat region of the sample was measured to within 0.0005".
The maximum error of the uniaxial compressive stress is
T 3 SF d= - + 2 -=o.o 2 + nil ,
or about two per cent. Sensitivity was about 50 pounds.
The load cell used for the confined compression
tests was calibrated by a Moorehouse proving ring and has
an accuracy better than one per cent. Sensitivity was
about 50 pounds. The sensitivity of the pressure measure-
ments was about 20 bars (about 300 psi). For pressures
greater than 1 kb this represents an error of less than
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two per cent. Therefore, the maximum error of the stress
difference, (C 3  l in confined ccnpression tests is
= -- + 1 0.01 + 0.02
(T~3 ~ lj
or about three per cent.
Volumetric Strain Calculation
The maximum error in the calculated values of
volumetric strain is
S(AY) ___ e
- + = 0.02 + 2(0.02)
6V "E
or about six per cent
Stress At Onset of Crack Growth
The range of values of the uniaxial compressive
stress at which crack growth began is about ten per cent of
the average value. This is taken to be the maximum error
in determining the stress at the onset of crack growth in
uniaxial and confined compression tests.
The points on the McClintock-Walsh plot (Figure 26,
Chapter IV) have a maximum error of 20 per cent for the
ord-inate and 13 per cent for the abscissa.
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Work Required for Fracture and pdV Work
The areas were measured with planimeter to within
0.10 in2 which represents an error of about two per cent.
The error in the work equivalent per unit area is
(,&w (LCa) + E( Elf
+ 0.03 + 0.02,
or about five per cent. Therefore the maximum error in
determining the work required for fracture was approxi-
mately seven per cent.
The maximum error in determining the work done
against the confining pressure is
&(pdV) g(AV) 
_a-',
pdV V +0.06 + 0.03,
or about nine per cent.
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APPENDIX 9
USE OF COMPRESSIBILITY TESTS IN
DETERMINING THE POROSITY DUE TO CRACKS
Walsh (196 a) made a theoretical study of the effect
of cracks on the compressibility of rocks. He considered
rock to be an elastic isotropic material containing
randomly oriented narrow cracks. With this model he derived
an expression for the effective compressibility, peff in
terms of the compressibility A of the solid material and
the rate of change of porosity, n , with external pres-
sure g:
1 dV 0  dVc
'O 5p +Vo d (Equation 1)
This can be rearranged to give
AV0pdp + pdVc
beff Vopdp (Equation 2)
He then divides the body into regimes each of which contains
one cracks. The effective compressibility of each regime is
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Pv0pdp + pdvC
neff 
- v0pdp (Equation 3)
The compressibility of a regime after the crack has
closed is the same as for the uncracked material. Thus
the stiffness of the rock gradually increases as the cracks
close under increased confining pressure. For rocks where
the entire porosity is caused by cracks which close com-
pletely under pressure, the compressibility decreases to
the value of the uncracked material.
Walsh's analysis provides a convenient method of
determining the porosity of rocks whose porosity is due
entirely to narrow cracks. Figure 47 is a conventional
plot obtained during a compressibility test on a jacketed
sample of rock which contains cracks. As the pressure is
increased, the rock becomes noticeably stiffer. Above a
certain pressure all the cracks are closed and the curve
becomes essentially linear. This linear portion repre-
sents the compressibility of the uncracked material.
The volumetric strain at any pressure is due to the
compressibility of the solid material and the closing of
cracks. The amount of volumetric strain due to the com-
pressibility of the uncracked material at a pressure, p,
can be found by extending a line back from the curve at
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pressure p which has a slope equal to the compressibility
of the uncracked material. The difference between the
total volumetric strain at a pressure p and the intercept
of this line is the volumetric strain due to the compressi-
bility of the uncracked material. The volumetric strain
due to the closing of cracks up to the pressure p, i.e.,
the decrease in porosity, is given by the intercept of
this line and is represented by nc in Figure 47.
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Figure 47
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APPENDIX 10
PREFERRED DIRECTION OF CRACKS AND
INITIAL LINEAR COMPRESSIBILITY OF WESTERLY GRANITE
The preferred orientation of the cracks in Westerly
granite was determined by traversing thin sections and
recording the orientation of each crack. About 500 cracks
in each of two perpendicular sections were mapped. The
preferred orientation in each thin section was found by
plotting a histogram of the number of cracks in each 10
degree interval. The histograms are shown in Figure 48.
The three-dimensional orientation of the preferred direc-
tion of cracks was found with the aid of a stereographic
projection. The preferred orientation in the thin sections
were treated as apparent dips.
The relationship between the preferred direction of
cracks and the directions in which the linear compressi-
bility were measured by Brace (1965) is shown in Figure 49.
Brace found that the maximum value of the initial compressi-
bility was measured in the C direction which, as shown in
Figure 49, is the direction most nearly normal to the pre-
ferred orientation.
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APPENDIX 11
JACKETING OF SAMPLES
For the compressibility tests, the samples were
jacketed in silicon rubber (General Electric, RTV 102).
This material is easy to apply, dries within 48 hours at
room temperature, has a low modulus (about 50 psi), and
transmits a hydrostatic stress. The jacketed sample is
shown in Figure 50.
The samples used in the confined compression tests
required a different jacket to allow the rams to come in
uniform contact with the ends of the sample. The vertical
surfaces of the head region was jacketed with 0.002" copper
sheet which was crimped around the fillet. Copper caps
were spun from 0.005" thick sheet and placed over the ends
of the sample. In direct contact with the ends of the
sample is 0.002" thick stainless steel to prevent possible
intrusion of the copper cap. The throat and part of the
head were then covered with silicon rubber. The copper
jacketing is shown in Figure 51.
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Compressibility Sample
Figure 50
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Copper Jacketing
Figure 51
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APPENDIX 12
THE McCLINTOCK-WALSH MODIFICATION
OF THE GRIFFITH THEORY
According to the McClintock-Walsh modification of
the Griffith theory, the condition for the growth of
cracks after they have closed is
1 1
( 3 +~ 1 - 2 + (0l - C3 )(1 + ) = 4K(1 - )
(Equation 1)
where = coefficient of friction of the crack walls
K = tensile strength
0c = normal stress required to close a crack
C maximum compressive stress
7 = minimum compressive stress.
Considering Gc to be negligible, Equation 1 becomesc
1
(C73  + )(1 +/) = 4K
(Equation 2)
When T~ = 0, the uniaxial compressive strength,3 , is
given by
(Equation 3)
(~ -/ (1+2
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Solving Equation 3 for 4K and substituting into
Equation 1, one finds that, in terms of the uniaxial com-
pressive strength, the fracture condition becomes
T3 1_ 1 2
02
1+ 7..A
(Equation 4)
The dependence of their fracture criterion on the
coefficient of friction, , may be determined by solving
2 1 ] for various values of and plotting Equation 4.
1+ 7' 'L2
The values of [2 1 for between 0.1 and
2
A-
1.0 are presented below.
2
0.1 0.22
0.2 0.50
0.3 0.81
0.4 1.12
0.5 1.61
0.6 2.13
0.7 2.74
0.8 3.34
0.9 3.95
1.0 4.83
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McClintock and Walsh plotted their fracture criterion
with 3 - as the ordinate and - as the abscissa.
3 3
If cracks grow at stresses much less than the frac-
ture strength, the McClintock-Walsh modification cannot
be expected to predict the fracture strength of a material.
It could be anticipated, however, that their analysis would
lead to a criterion which predicts the stress difference
required to initiate crack growth.
The extension of the modified Griffith theory
appears as shown in Figure 52. Several curves are drawn
to indicate the dependence of the criterion on the co-
efficient of friction. The ordinate is 3 -
and the abscissa is , . The primes denote the stress
3
difference at the onset of crack growth.
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APPENDIX 13
DETERMINATION OF (23- G~,) IN CONFINED COMPRESSION TESTS
The position of the rock specimen.during confined
compression tests is shown, schematically, in Figure 53.
The total force, F, which is measured by the load
cell, is balanced by the pressure medium, the axial load
on the sample, and friction at the 0-rings according to
F = f +
where f
AR
AT
G~'
G'(AR AT) + Q AT' (Equation 1)
= frictional force at the 0-rings
= cross-sectional area of the ram
= cross-sectional area of the reduced
section of the specimen
= confining pressure
= axial stress in the reduced section
of the sample.
The variation of the frictional force with
pressure was determined as described in Appendix
frictional force is negligible below a confining
of 1 kb. Above this value, the frictional force
per cent of J'A Equation 1 may be rearranged1 R * Euto a erarne
confining
14. The
pressure
was 1.7
to give
( T3A1IAT T
(Equation 2)
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For this study .78 n = 4.65. Therefore, in terms
T 0.169 in
of pounds per square inch
( ~3 - a 1) = 5.92 (F - f) in- 2 - 4.65 K~1.
In terms of kilobars
( C~3 l) = 4.08 x 10~4 (F - f) in-2 - 4.65 q -
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Area AT, Axial Stress 3
Diagram for Determining (T3 ~ l)
Figure 53
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APPENDIX 14
FRICTION AT O-RINGS DURING CONFINED COMPRESSION TESTS
Friction at the O-ring tends to resist the motion
of the ram during the confined compression tests (Figure
53, Appendix 13). This frictional force must be con-
sidered when computing the stress difference in the rock
specimen.
The magnitude of this frictional force was
determined by filling the vessel with oil and increasing
the pressure by advancing the ram. Pressure in the cham-
ber was plotted against the load on the ram (Figure 54).
The ascending and descending curves differ by twice the
frictional force.
Below 1 kb the frictional force was negligible.
From 1 to 2 kb the frictional force was 1.7 per cent of
the force applied by the pressure:
f = (0.017)( (T)(AR)
Twice Frictional Force
M0
Determination of Friction at 0-Rings
.1 Kilobar Hydrostatic Pressure vs Force on Ram
T
438 bars
CC
Fp
1iobrHdottcPesrvsForce on Rampudsx1-
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APPENDIX 15
ANALYSIS OF ELASTIC STABILITY OF SAMPLE
One must consider the possibility of failure by
elastic instability when choosing a sample shape for
compressive tests. If the dimensions and Young's modulus,
E, of a sample are such that it is, stability-wise, a
"long column", it will fail by elastic instability. In
the event that this happens, the maximum load (and there-
fore the maximum stress) depends only on the length to
diameter ratio and E and is independent of the strength
of the material. "Short columns", on the other hand, fail
when the compressive strength has been reached.
The dimensions of the samples used in this study
are shown in Figure 43, Appendix 4. The loading conditions
imposed on the sample prevent both lateral displacements
and change in slope of the ends of the sample. This loading
condition corresponds to a Euler column with fixed ends and
the load, P, at which such a column becomes elastically
unstable is (Timoschenko and Gere, 1961)
P - 4n2EI
L
where E = Young's modulus
T = moment of inertia
L = length of sample
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For the samples used in this study E = 8.3 x 106 psi
and L = 2 in. Since the buckling will occur in the plane
of minimum flexural rigidity the moment of inertia, I, is
computed for the throat section of the sample where the
diameter is 0.463 in.:
I = )(0.049 in4 ) = 2.19 x 10-3 in4
Therefore, the compressive load, P, required to
cause the sample to fail by elastic instability is
p (4u2)(8.3 x 106 psi)(2.19 x 10- 3 in4) = x 10 lbs.
4 in 1 79
This value of P would correspond to a compressive stress,
Y3tof
(Y3 179,000- = 1.06 x 106
0.169 in
The uniaxial compressive strength is approximately
3.4 x 104 psi. Therefore the load at which the sample
would become elastically unstable is approximately 31 times
greater than the load required to reach the compressive
strength of the material.
Even though the compressive strength increases
significantly with confining pressure, the fracture load is
still considerably less than the load required for elastic
instability.
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